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Preface

Injury c ontinues t o b e t he l eading c ause o f d eath a nd 
 disability i n c hildren o lder t han o ne year i n t he United 
States a nd i n o lder c hildren a nd a dolescents w orldwide. 
ἀ e spectrum of causes varies w ith age, but blunt forces 
cause the overwhelming majority of injuries. ἀ e com-
mon adage “children a re not just small adults” certainly 
holds t rue i n p ediatric t rauma, a s m any o f t he d iffer-
ences in behavior, risk, exposure, anatomy, and physiol-
ogy between children and adults have a direct bearing on 
trauma care. In recent years, this reality has been widely 
accepted in the field. ἀ e Committee on Trauma of the 
American College of Surgeons has specifically addressed 
the n eeds o f i njured c hildren i n i ts r esources d ocument 
and i n t he c urriculum o f i ts A dvanced T rauma L ife 
Support® c ourse. I n m any c ountries a round t he w orld, 
children’s h ospitals, p ediatric s urgical s ubspecialists, 
pediatric e mergency p hysicians, a nd pr ehospital pr ovid-
ers have focused on the needs of injured children and have 
established pediatric-specific benchmarks in the manage-
ment of trauma care. But there is a problem. ἀ ere are sim-
ply n ot e nough c hildren’s h ospitals o r p ediatric t rauma 
specialists to meet the needs of all the injured children. 
Much, if not most, of pediatric trauma care is provided in 
general hospitals by nonpediatric specialists. 

ἀ is b ook i s i ntended f or e veryone w ho t reats i njured 
children. ἀ e p rimary t arget a udience includes p ediat-
ric surgeons, general surgeons, trauma surgeons, emer-
gency physicians, and surgical subspecialists. Trainees and 

mid-level providers in any of these fields, as well as  providers 
in low-resource countries, may also find this book useful as 
it provides a b road overview of t he key topics in pediatric 
trauma care. ἀ e content not only relates primarily to direct 
patient care, but a lso includes topics such as disaster plan-
ning, injury prevention, and long-term outcomes. 

ἀ e b ook i s d ivided i nto f our pa rts. Part I  d eals w ith 
trauma s ystems f or c hildren, i ncluding e pidemiology a nd 
organization o f p ediatric t rauma c are. Part I I c overs gen-
eral principles of resuscitation and supportive care relevant 
to a ll pediatric t rauma patients, including management of 
burns and child abuse, and pediatric-specific imaging and 
transfusion recommendations. Part III covers the manage-
ment of specific injuries, including brain, truncal, skeletal, 
and vascular injuries. Finally, Part IV deals with outcomes, 
rehabilitation, a nd e ffective c ommunication w ith f amilies 
of injured children. ἀ e chapters from the first edition have 
been revised and updated to reflect the most contemporary 
practices within the field.

We w ould l ike t o t hank t he T aylor & F rancis Gr oup 
and o ur e ditorial a ssistants, C herry A llen a nd M iranda 
Bromage, for encouraging and supporting us in this project. 
We would also like to thank the authors, who were selected 
because of their expertise, for their important contributions 
and commitment to uphold t he quality of t he second edi-
tion of this publication.

David E. Wesson and Bindi Naik-Mathuria
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1
Epidemiology of pediatric trauma

DAVID E. WESSON

Introduction

Epidemiology i s t he s tudy of t he d istribution of d iseases 
in groups or populations. One of its aims is to deἀne the 
occurrence o f d isease b y p lace a nd t ime i n t he g eneral 
population and in speciἀc subpopulations. The overarch-
ing goal is to reduce the incidence and severity of speciἀc 
diseases. Injury epidemiology involves the collection of 
data on the time, place, mechanism, and victim of injury. 
Studies of pediatric injury epidemiology have had a major 
impact on our understanding of pediatric trauma. Injury 
epidemiology h as a llowed u s t o i dentify a nd q uantify 
speciἀc i njury r isks, d evelop p revention a nd t reatment 
strategies, a nd m onitor t heir e ffectiveness. The s tudy o f 
injury epidemiology has produced one f undamental fact: 
Injuries are the leading threat to the health and well-being 
of young people in our society today [1,2]. This is of major 
importance to public health officials and health care pro-
viders alike.

Epidemiology c an h elp c linicians b y iden tifying co m-
mon causes, mechanisms, a nd patterns o f injury. This is 
best done in deἀned populations of children at the local, 
regional, n ational, o r in ternational le vel. E pidemiology 
tells us that motor vehicle crashes and falls from a great 
height cause more life-threatening injuries than sports and 
recreational activities. We know that blunt injuries far out-
number p enetrating in juries a nd t hat c hildren a re p rone 
to develop intracranial hypertension from cerebral edema 
after a c losed head injury. The astute trauma surgeon will 
learn to suspect and recognize these patterns based on the 
age of the child and the mechanism of injury. As in most 
areas of surgical practice, the history of events before pre-
sentation aids signiἀcantly in diagnosis and treatment.

Historical perspective

One hundred years a go, i nfections were t he g reat s courge 
of c hildren i n our s ociety. Today t he problem i s i njury or 
trauma. C hanging s ocial c onditions, b etter h ousing a nd 
nutrition, immunization, and quarantine of infectious cases 
all helped reduce the threat from infectious diseases. Over 
the same t ime period, new environmental factors, notably 
the i ntroduction o f t he a utomobile, i ncreased t he r isk o f 
injury.

Trauma systems for children

Our present understanding of the epidemiology of trauma 
in o ur s ociety b egan i n t he 1960s w ith t he p ublication o f 
a monograph entitled Accidental Death and Disability: The 
Neglected Disease of Modern Society by the Committees on 
Trauma a nd Sh ock o f t he N ational A cademy o f S ciences 
[3]. This report pointed out that accidental injuries were 
the n ation,s m ost i mportant en vironmental h ealth p rob-
lem. This w as f ollowed b y a nother i mportant p ublication 
Injury in America that documented in much greater detail 
the i mpact of i njuries on A merican society a nd suggested 
a broad approach to the problem encompassing epidemiol-
ogy, prevention, biomechanics, acute t reatment, a nd reha-
bilitation [4].

Since t hese two important publications appeared, much 
progress h as b een m ade b oth in p revention and t reatment 
of injuries. During the 1980s a nd 1990s, t he mortality rate 
from pediatric trauma in the United States fell by about 50%. 
This t rend h as co ntinued. The m ortality ra te f rom unin -
tentional in juries among c hildren 1–19 y ears o f a ge in t he 
United States fell f rom 15.0 p er 100,000 in 2000 t o 8.3 p er 
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100,000 in 2013 [1,2]. No doubt this resulted from improve-
ments in both prevention and treatment. But there are many 
reasons why we will have to increase our prevention efforts 
if we hope to see another 50% reduction in the next 20 years.

The costs of treating trauma victims and the pain and suf-
fering they endure are very high, even when the ἀnal outcome 
is excellent. Prevention would eliminate these effects. About 
50% of pediatric trauma deaths occur in the ἀeld before the 
victim e ven r eaches a t rauma center. Here t oo, p revention 
is the answer. Most trauma systems now have very low pre-
ventable death rates. There is always room for improvement, 
but the curve is flattening out. It is unlikely that substantial 
reductions in the overall trauma mortality rate in the United 
States could be achieved by better care of the injured.

We lack effective treatments for primary brain injuries, the 
most common cause of death in p ediatric trauma. Here too, 
prevention is the solution. A report from the National Pediatric 
Trauma Registry showed t hat about 70% o f p ediatric injury 
deaths are caused by central nervous system (CNS) injury [5]. 
Only prevention can signiἀcantly reduce these deaths.

Injury facts

More than half of all childhood deaths in the United States 
result from injuries. In 2013, among children 1–19 years old, 
unintentional i njuries (accidents), s uicide (self-harm), a nd 
homicide (assault) were the ἀrst, second, and third lead-
ing causes of death, respectively [1]. Together they account 
for >56% o f a ll d eaths a mong c hildren 1–19 y ears o f a ge. 
Unintentional injuries are the number one childhood killer 
in all age brackets—1–4, 5–9, 10–14, and 15–19 [1]. In 2013, 
unintentional i njuries o f a ll t ypes, i ncluding s uffocation, 
drowning, burns and scalds, as well as blunt and penetrat-
ing trauma, caused 6489 deaths among children 1–19 years 
of age in the United States. This represents 34% of all pedi-
atric d eaths a nd a m ortality r ate o f 8 .3 i njury d eaths p er 
100,000 per year. There has been considerable improvement 
in these numbers since 2000. In that year, there were 11,232 
deaths accounting for 44% of all deaths at a rate of 15.0 per 
100,000 children from 1 to 19 years of age [2].

Also in 2013 s uicide, the second leading cause of death, 
resulted in 2143 de aths or 11% o verall. Homicide contrib-
uted 2021, a lso around 11% o f a ll deaths. The incidence of 
homicide plotted against age creates a U-shaped curve with 
peaks a mong infa nts a nd ado lescents. A mong infa nts, t he 
most common mechanism is abusive head trauma (AHT) or 
“shaken b aby sy ndrome” t hat p eaks a t 2–3 m onths o f a ge. 
This i s t he a ge a t w hich co lic i s m ost prevalent s uggesting 
that infant cr ying m ay t rigger at le ast s ome c ases o f AHT. 
At our Level I pediatric trauma center, we admit 60–80 chil-
dren each year with injuries caused by physical abuse. Most 
of them are infants less than 6 m onths of age. Child abuse 
accounts for more than one-third of all trauma deaths at our 
center. It is the single most common cause of fatal injury.

In Texas, injuries are the leading cause of death among 
children from 1 to 17 [6]. Motor vehicle–related injuries are 
the most common cause. Most were passengers, followed by 

pedestrians struck by a motor vehicle and drivers. In Texas, 
almost t wo-thirds o f p ediatric h omicides a re c ommitted 
with a ἀ rearm, u sually a h andgun. G unshot w ounds a re 
also the most common mechanism of child suicide.

For every injured child who dies dozens more are hospi-
talized and hundreds are treated in emergency centers.

Risk factors

The risk of most types of injury varies with age. Homicide is 
the leading cause of injury death for infants from 1 month 
to 1 year of age in the United States. The homicide rate for 
boys is almost three times h igher t han for g irls. It i s also 
much h igher a mong A frican A mericans t han C aucasians. 
Child abuse causes the m ajority o f h omicides i n t he ἀrst 
year of life; gunshot wounds predominate among teenagers. 
A person known to the victim, most commonly a parent, 
perpetrates the vast majority of homicides.

Suffocation i s t he n umber o ne c ause o f u nintentional 
injury death in infants, but is rare in other groups. Drowning 
and submersion are the leading cause of death in children 1–4 
years of age. Toddlers have a much higher death rate for burns 
and scalds than older children do. The risk of injury for school-
aged boys is far greater than for girls. Motor vehicle occupant 
injuries predominate among teenagers 15–19 years old.

The likelihood of a c hild being fatally injured is associated 
with single parentage, low maternal education, young maternal 
age at birth, poor housing, large family size, and parental abuse 
of alcohol and other drugs. A study from Newcastle, England, 
of fatal head injuries revealed that children from poorer neigh-
borhoods were at greater risk than were those from more afflu-
ent areas [ 7]. The authors concluded t hat t he l ack o f proper 
playgrounds, which forced poor children to play in the streets, 
accounted for the difference. Children living in trailer homes in 
the United States have twice the risk of dying in house ἀres than 
children living in other types of housing. Children who live in 
rural counties have a higher incidence of motor vehicle–related 
injury and a higher risk of dying compared to urban children. 
There is a lso a s trong correlation between per capita income 
and mortality from motor vehicle crashes among all the coun-
ties in t he lower 48 s tates. Racial and ethnic factors correlate 
with other socioeconomic determinants, but even when these 
are controlled for, American Indians have the highest rates of 
injury mortality in the country.

Costs

It is difficult to accurately determine all of the costs of pedi-
atric trauma but it is clear that injuries are the leading cause 
of medical costs. Most estimates suggest that these costs are 
enormous. Hospital costs represent only one slice of the pie. 
Other costs include medical services, lost productivity, indi-
rect costs to families for lost i ncome, a nd so on. R ice a nd 
Mackenzie estimate that the cost of injury to children from 
birth to 14 years of age in the United States in 1985 was $13.8 
billion [8]. A recent report entitled “Unintentional Injuries 
in Childhood” in the Future of Children series published by 
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the David and Lucile Packard Foundation provides a lot of 
data on this subject [9]:

 ● For school-aged children and teenagers, injuries are 
almost as frequent as the common cold.

 ● In 1996, injuries—mostly to the brain, spinal cord, and 
limbs—and burns left an estimated 150,000 children 
permanently disabled.

 ● Injuries to children resulted in the loss of 2.7 million 
quality adjusted life years.

This publication also attempted to express the impact of 
childhood injuries in ἀnancial terms. It estimated the total 
ἀnancial burden of childhood injury in America for 1996 as 
$81 billion:

 ● Direct spending for medical services over the lifetime of 
the victim amounted to $14 billion.

 ● Other resource costs including emergency medical 
services totaled $1 billion.

 ● Lifetime productivity losses amounted to $66 billion.

Trends

We have made substantial progress in the ἀght against child-
hood injury. The death rate has declined signiἀcantly in o ne 
generation. Unintentional injury mortality fell by 50% f rom 
1970 to 1995 in t he Organization for Economic Cooperation 
and Development (OECD) nations (the 26 r ichest nations in 
the world) [10]. During the same period, the proportion of all 
childhood deaths caused by injuries rose from 25% to 37%.

Improved h ighway a nd vehicle design, smoke detectors 
and a larms, car seats, and seat belts have a ll played a p art 
in reducing childhood injury mortality. Even the homicide 
rate has declined. This trend continues [1,2].

In the province of Ontario, Canada, the number of chil-
dren seriously injured while bicycling fell sharply during 
the 1990s [11]. This w as due i n p art to l egislation m aking 
helmets mandatory for children r iding a b icycle on public 
roads. Across Canada, there is a c lear association between 
bike helmet legislation and the risk of head injury. Provinces 
with helmet laws had a 25% lower head injury risk.

Comparisons with other countries

Injuries a re t he p rincipal c ause o f de ath f or c hildren 1–14  
years of age in a ll nations in the OECD, the wealthiest coun-
tries [10]. Injuries account for 40% o f a ll deaths in c hildren 
1–14 years of age. Together they take the lives of more than 
20,000 children each year in the OECD nations. Traffic acci-
dents account for 41% o f t he de aths. For e very de ath, t here 
are 160 hospital admissions and 2000 emergency department 
visits. Injuries account for almost 30% o f the total burden of 
childhood disease measured by disability adjusted life years.

The S wedish, B ritish, I talian, a nd D utch c hild i njury 
death r ates a re a mong t he l owest; t he U nited S tates r ate 

is a mong t he h ighest a long w ith P oland, N ew Z ealand, 
Portugal, a nd M exico. The U nited S tates a ccounts f or 
almost one-third of all child injury deaths in the developed 
nations. More than 12,000 child injury deaths a year could 
be prevented if all countries had the same child injury death 
rate as Sweden. Bringing the United States rate down to that 
of Sweden would save 4700 American children each year.

Common clinical scenarios and 
patterns of injury

Astute c linicians l earn to recognize c ommon c linical s ce-
narios a nd patterns of i njury. Thus, k nowledge of t he c ir-
cumstances c an h elp i dentify p atients w ith c ertain t ypes 
of i njury. For e xample, restrained c hildren i n s ide-impact 
crashes are much more likely to sustain injuries from com-
partment i ntrusion t han children i n f rontal crashes. Side-
impact c rashes a lso c ause m ore s evere i njuries ( Injury 
Severity Score >15; Glasgow Coma Scale <9) and more inju-
ries to the head, cervical spine, and chest to restrained chil-
dren [11]. In contrast to this, restrained children in frontal 
crashes are more likely to suffer injuries to the abdomen and 
lumbar spine.

The f ollowing i s a p artial l ist o f c ommon p ediatric 
trauma clinical scenarios:

 ● The infant brought in with a vague history (e.g., a fall at 
home), altered mental status, and severe neurotrauma 
from child abuse

 ● The properly restrained toddler involved in a high-
speed motor vehicle crash brought in by ambulance who 
proves to have no signiἀcant injury

 ● The school-aged child struck by a motor vehicle who 
presents with a lower limb fracture, intra-abdominal or 
thoracic visceral trauma, and a closed head injury

 ● The preteen who suffers a high-grade hepatic or splenic 
injury from an off-road all-terrain vehicle (ATV) crash

 ● The child with an acute epidural hematoma following a 
seemingly minor direct blow to the head

 ● The rear seat passenger with a transverse abdominal 
bruise and occult small bowel and lumbar spine and/or 
spinal cord injuries from a lap belt

 ● The child with a duodenal hematoma or pancreatic 
laceration from a direct blow to the abdomen from a 
hockey stick or bike handlebar

Emergency physicians and trauma surgeons should 
be o n t he a lert f or c hildren w ith t hese t ypical c linical 
presentations.

Role of the trauma center

The p rimary r ole o f t he t rauma c enter i s, o f c ourse, t o 
care f or p atients w ith l ife- a nd l imb-threatening i nju-
ries. T rauma c enters c an a lso m ake i mportant c ontribu-
tions to injury control through education and prevention. 
Education efforts can target health care providers and the 
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greater c ommunity. E ducation i s a n ecessary c omponent 
of a ll i njury prevention programs a nd i s u sually a n eces-
sary ἀ rst s tep b efore n ew l egislation m andating i njury 
prevention m easures s uch a s s eat b elts, c hild r estraints, 
bike h elmets, a nd s o o n. T rauma c enters c an a lso h elp 
identify s peciἀc c auses o f i njury a nd a ssociations o r p at-
terns o f i njury. D ata f rom t he t rauma registry s howing a  
signiἀcant n umber o f f atal b icycling i njuries m otivated 
the trauma program staff at the Hospital for Sick Children, 
Toronto, to s tart a b ike helmet c ampaign. The ἀ rst phase 
of the campaign was intended to educate the public, health 
care w orkers, g overnment officials, a nd politicians of the 
risk of bike-related head trauma and of the beneἀts of bike 
helmets. This e ventually l ead t o a b ike h elmet l aw i n t he 
province o f O ntario, w hich c ontributed s igniἀcantly t o a  
26% r eduction i n b icycling-related h ead i njuries a mong 
children 1 –19 y ears o f a ge [12]. The r ate o f f atal i njuries 
ultimately fell by more t han 50% [13]. A n ational popula-
tion-based study across Canada conἀrmed that parts of the 
country with helmet laws had lower head injury rates.
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SUMMARY

Injuries a re t he leading r isk to t he l ives a nd l imbs 
of c hildren f rom i nfancy t hrough a dolescence i n 
our modern world. The mechanisms and the num-
bers vary with age, gender, race, parental education, 
social c lass, a nd e conomic s tatus. A wareness o f 
these variations can assist clinicians in the manage-
ment of pediatric trauma victims. Analysis of these 
variations can also help us develop ways of prevent-
ing c hildhood i njuries f rom o ccurring i n t he ἀ rst 
place.

http://www.nptr.org
http://www.�futureofchildren.org
http://www.�futureofchildren.org
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Organizing the community for pediatric trauma
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Introduction

Modern pediatric trauma care, l ike adult trauma care, has 
undergone c onstant e volution d uring t he p ast g eneration, 
since the care of injured children ἀrst emerged as a distinct 
discipline. In part, this was driven by the widespread recog-
nition among pediatric surgeons—initially led by Dr. Jacob 
Alexander Ha ller, Jr., of The Johns Hopkins University in 
Baltimore—that p ediatric t rauma c are c onstituted a k ey 
component of the subspecialty of pediatric surgery [1], and 
in part by the u ltimate recognition by the Federal govern-
ment t hat emergency medical s ervices (EMS) for children 
had been neglected during the development of EMS systems 
nationwide [2]. Since their inception, pediatric trauma pro-
grams have stressed the need for full integration with their 
affiliated a dult t rauma p rograms a nd t heir r egional E MS 
systems, t o ensure s eamless care and cost-effective use o f 
scarce h uman a nd ἀ nancial r esources [3]. They h ave a lso 
recognized the need for all who care for pediatric patients 
to ensure that the special needs of injured children are met 
at every level of trauma and EMS system organization [4].

To t his end, t his chapter describes t he c urrent s tate of 
the a rt w ith r espect t o p ediatric t rauma s ystem d esign. 
Consistent with this purpose, the public health approach to 
trauma and EMS systems will be emphasized. Additionally, 
the l iterature supporting t he need for a nd components of 
pediatric-capable trauma and EMS systems will be reviewed. 
Finally, c ritical e lements of prehospital c are for t he p edi-
atric t rauma p atient w ill b e d elineated, t o a rm n ot o nly 

pediatric-capable t rauma professionals, but a lso adult-
oriented trauma professionals—who, of necessity, provide the 
majority of pediatric trauma care in the United States—with 
a working knowledge of pediatric trauma system design and 
function, to ensure, insofar as is possible, that every child in 
every community has the beneἀt of optimal pediatric trauma 
prevention and treatment, hence the greatest possible oppor-
tunity for relief, recovery, and rehabilitation.

Trauma and EMS for children (EMSC)

Modern EMS systems evolved because of the recognition 
that trauma and sudden cardiac emergencies were the lead-
ing causes of death in the United States, and that the largely 
volunteer, ἀ re c ompany–based r escue s quads t hat h istori-
cally comprised most EMS were not optimally prepared to 
meet this challenge. The physicians who ἀrst created the EMS 
systems were t rained chiefly i n t he adult-oriented special-
ties of surgery, internal medicine, cardiology, and anesthe-
siology [5]. Infants and children were cared for in these EMS 
systems, but their needs were not speciἀcally addressed, and 
deἀciencies in their care were not recognized, based on the 
false notion t hat c hildren c ould b e t reated a s l ittle adults. 
Hence, n one of the key legislative initiatives that resulted 
in the creation of modern EMS—the Highway Safety Act of 
1966, the Emergency Medical Service Systems Act of 1973, 
and the Preventive Health and Health Services Block Grant 
Program of 1982 that ultimately replaced the EMS Systems 
Act—made special mention of the unique needs of infants 
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and c hildren i n t he em ergency c are s ystem, e ven t hough 
neonatal c are h ad previously b een regionalized u nder t he 
EMS Systems Act.

The d evelopment o f p ediatric s urgery a nd p ediatric 
emergency m edicine a s d istinct d isciplines, e ach w ith 
approved residency and fellowship training programs and 
recognized board certiἀcation, fostered the development 
of emergency medical services f or c hildren (EMSC) in 
many parts of this country. It was recognized that pediatric 
patients comprised some 5%–10% of prehospital transports, 
30% of emergency department visits, 21% of all prehospital 
trauma care, and 12% of a ll in hospital t rauma care [6,7]. 
Seminal r eports d escribed t he u nique e pidemiology o f 
pediatric prehospital care, and documented deἀciencies in 
the way t rauma systems provided access for children a nd 
in t he w ay t hey e ducated, e quipped, a nd p rovided m edi-
cal control of prehospital personnel [6,8–10]. These led, in 
turn, to major federal i nitiatives i n E MSC, i ncluding leg-
islation a nd f unding, s ystematic a nalysis o f t he n ation’s 
strengths a nd w eaknesses i n E MSC b y t he I nstitute o f 
Medicine (IOM), and development of speciἀc plans to rem-
edy t he weaknesses it identiἀed, which have continued to 
be updated on a regular basis [11,12].

The c urrent F ederal E MSC P rogram i s a dminis-
tered by t he M aternal a nd C hild Health Bureau (MCHB) 
of t he H ealth R esources a nd S ervices A dministration 
(HRSA) i n c ollaboration w ith t he O ffice of E MS (OEMS) 
of t he N ational H ighway T raffic S afety A dministration 
(NHTSA), w ith t he a ssistance o f t he E MSC I nnovation 
and I mprovement C enter ( EIIC) a t t he B aylor C ollege 
of M edicine a nd T exas C hildren’s H ospital i n H ouston, 
TX, and the National EMSC Data Analysis and Research 
Center ( NEDARC) a t t he P rimary C hildren’s Hospital i n 
Salt Lake City, UT. EMSC consists of six phases of care 
and contains several of the elements addressed in the EMS 
Systems Act of 1973. It encompasses the entire spectrum of 
care for the child requiring emergency services and exists 
within t he e stablished E MS s ystem. These p hases o f c are 
may r eside i n o ne o r m ore o f t he m ultiple a gencies t hat 
comprise t he EMS system. The program has long enjoyed 
generous C ongressional s upport a nd h as b een p rogres-
sively e xpanded over t he years to embrace a w ide v ariety 
of projects designed a nd s elected t hrough c ompetition to 
enhance t he e fficacy o f e ach o f t hese s ix p hases o f em er-
gency care, as delineated in Tables 2.1 and 2.2.

Numerous professional organizations have also contrib-
uted to the development of EMSC. These efforts have led to 
the promulgation of national guidelines deἀning minimum 
standards of pediatric equipment and protocols for ambu-
lances, pediatric equipment and care for hospital emergency 
departments and trauma centers, and postgraduate training 
and continuing education requirements in pediatric emer-
gency and trauma care [13–20]. Experiments with voluntary 
consensus s tandards f or p ediatric em ergency a nd t rauma 
care have also been successful in many locales, particularly 
southern C alifornia’s E mergency D epartments A pproved 
for P ediatrics ( EDAP) P rogram a nd N ew York Ci ty,s 9 11 

Ambulance D estination S ystem [ 21,22]. The d epth a nd 
breadth of resources now provided by regional and national 
EMSC programs a re t ruly e xpansive—an E MSC program 
now exists in v irtually every state and territory. They pro-
vide both the foundation and the framework on which and 
within which to build a p ediatric t rauma system for every 
region with the United States.

The public health approach to pediatric 
trauma

Trauma i s t he l eading c ause o f d eath a nd d isability f or 
Americans between 1 a nd 44 years of age [23]. It k ills and 
maims more children between 1 and 14 years of age than all 
other diseases combined [23]. Despite these grim statistics, 
and the facts that (1) the estimated cost to American society 
of a single childhood injury death likely exceeds $600,000, 
when t he b est h istorical d ata a re c orrected f or i nflation 

Table 2.1 EMS system components and EMSC system 
phases

EMS component EMSC phase

Manpower Prevention
Training System access
Communications Field treatment
Transportation Emergency department 

treatment
Facilities Inpatient treatment
Critical care units Rehabilitation
Public safety agencies –
Consumer participation –
Access to care –
Patient transfer –
Coordinated patient record 

keeping
–

Public information and 
education

–

Review and evaluation –
Disaster plan –
Mutual aid –

Table 2.2 Projects supported by Federal EMSC program

EMSC Innovation and Improvement Center (EIIC)
National EMSC Data Analysis and Resource Center 

(NEDARC)
Partnership grants with all interested states and 

territories
Partnership grants with stakeholder organizations in 

EMSC
Targeted issues and grants addressing specific issues in 

EMSC
Research network grants supporting multicenter trials in 

EMSC (PECARN)
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[24]; ( 2) t he C enters f or Disease C ontrol a nd P revention 
(CDC) e stimated i n 2 010 t hat f atal u nintentional i njuries 
resulted in $1.8 billion in medical costs and $112 billion in 
lost productivity in the United States [25]; and (3) the World 
Health Organization (WHO) reported in 2004 t hat motor 
vehicle collisions w ere t he second l eading cause of death 
worldwide f or c hildren a nd y oung a dults a ges 5 –29 y ears 
old while t he estimated cost f rom motor vehicle collisions 
alone is $518 billion [26], trauma unequivocally remains in 
2016 “the neglected disease of modern society” as it was in 
1966 when the National Academy of Sciences published its 
now famous white paper, Accidental Death and Disability: 
The Neglected Disease of Modern Society [27]. Afflicting as 
they do the youngest and ablest members of our society, it is 
evident that injury and trauma are the leading public health 
problems of our age.

No doubt, much has changed over the last 50 years. In 
1966, there were few trauma hospitals in America, trauma 
education of surgical residents was inconsistent at best, 
emergency m edicine h ad y et t o em erge a s a d istinct s pe-
cialty in all but a few centers, pediatric surgery was a young 
specialty f ocused c hiefly o n c ongenital a nomalies a nd 
childhood c ancer, p ediatric em ergency m edicine h ad n ot 
yet been conceived as an organized specialty with a distinct 
body o f k nowledge, p rehospital c are w as r udimentary i n 
most localities throughout the nation, few—if any—states 
had organized systems for trauma care, and injury fatalities 
were considered accidental events and accepted as inevita-
ble occurrences of everyday life. In 2016, all states have des-
ignated Level I trauma centers, and all graduates of surgery 
and emergency medicine residencies have advanced trauma 
life s upport ( ATLS) c ertiἀcation a nd s peciἀc e ducation 
and experience in operative and nonoperative trauma care. 
Emergency medicine i s a n e stablished a nd e ssential d isci-
pline, pediatric surgery and pediatric emergency medicine 
are r ecognized a nd r obust s ubspecialties, a nd p rehospital 
care i s both readily accessible and re latively sophisticated. 
All s tates h ave r ecognized t rauma c are h ospitals, m ost 
states have organized trauma care systems, and injuries are 
no longer considered accidents, but a re v iewed as predict-
able events that can be modiἀed through the application of 
harm reduction s trategies d irected a t t he host, a gent, a nd 
environment before, during, and after the traumatic event. 
Despite these impressive advances in the structure and pro-
cess of trauma care, trauma remains the leading killer of our 
most productive citizens, and those who will soon become 
our most productive citizens—our children.

These f acts l ed t he l eadership o f A merican trauma 
surgery—in p artnership w ith t he NHTSA, O EMS, a s w ell 
as the HRSA EMSC Program—to ask why, despite the obvi-
ous i nvestment i n t rauma a nd E MS t hroughout t he p ast 
50 y ears, t here r emains s uch a g ap b etween e xpectations 
and r eality. The c onclusion t hese e xperts h ave r eached, 
neatly o utlined i n t wo d ocuments p roduced b y t hese t wo 
agencies, t he Trauma System Agenda for the Future [ 28], 
published i n 2 002, a nd t he Trauma Systems Planning and 
Evaluation: A Model Approach to a Major Public Health 

Problem [ 29], p ublished i n 2 004—reinforced s oon t here-
after by the IOM in a tripartite series by its Committee on 
the Future of Emergency Care i n t he United States Health 
System, Hospital Based Emergency Care: At the Breaking 
Point [30], Emergency Medical Services at the Crossroads [31], 
Emergency Medical Services for Children: Growing Pains [32], 
published in 2006, with the support of the Josiah Macy, Jr., 
Foundation, the Department of Health and Human Services 
Agency for Healthcare Research and Quality, HRSA, CDC, 
and the Department of Transportation (DOT) NHTSA—is 
startling i n i ts s implicity, but i mposing i n i ts i mplications: 
We have had the tools needed to solve this problem for nearly 
as long as it has been recognized, but have failed to make use 
of t hem i n a c oherent a nd c onsistent m anner. S peciἀcally, 
through lack of public education a nd t he necessary appro-
priation o f f unds, w e h ave f ailed t o h arness t he r esources 
required to mount a comprehensive injury control strategy—
one t hat l inks t he expertise of our public health system i n 
disease p revention a nd c ontrol w ith t he e xpertise o f o ur 
health c are s ystem i n d iagnosis a nd t reatment, a s u nder-
scored by the IOM in its 2012 report, entitled Investing in a 
Healthier Future, which highlighted the dysfunction in how 
public h ealth i nfrastructure i s f unded a nd o rganized a nd 
called for collaboration of states and the federal government 
[33]. This problem is illustrated vividly in Figure 2.1, which 
depicts the disconnect between the primary and secondary 
prevention emphasis of the public health system and the ter-
tiary prevention capabilities of the health care system—but 
in so doing, also suggests the obvious solution, namely, the 
collaboration of a ll parties through public–private partner-
ships to d evelop a c oordinated a nd organized approach to 
injury prevention and control.

The f undamental c oncepts o f p ublic h ealth a re n ot 
new to t rauma professionals. Indeed, t he core e lements of 
trauma s ystem d esign en umerated i n t he Trauma System 
Agenda for the Future a re f undamentally c ongruent w ith 
the 10 essential services provided by the public health sys-
tem, a s deἀned b y the P ublic Health F unctions Steering 
Committee o f t he U nited S tates P ublic H ealth S ervice i n 
its 1994 report, Public Health in America [34], a nd reiter-
ated in Trauma Systems Planning and Evaluation: A Model 
Approach to a Major Public Health Problem delineated in 
Table 2.3, while the three core functions of the public health 
system described by t he IOM of t he National Academy of 
Sciences in its 1988 and 2002 reports, The Future of Public 
Health [35] and The Future of the Public’s Health in the 21st 
Century [36], namely assessment, policy development, and 
assurance, w hich a re t he f ramework t hrough w hich e ach 
of the 10 essential public health services are managed, are 
strikingly r eminiscent o f t he p erformance i mprovement 
processes well known to most health care professionals, as 
demonstrated in Table 2.4. Thus, there exists a natural affin-
ity b etween p ublic h ealth p rofessionals a nd t rauma c are 
professionals i n t heir a pproach t o p roblem s olving. W hat 
remains is for regional leaders in public health and trauma 
care to form collaboratives that set goals and objectives for 
the public health system and the trauma care system within 
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a g iven region w ith respect to i njury prevention a nd con-
trol, w hich a llow e ach c omponent o f t hese p ublic–private 
partnerships to focus upon what each does best—the pub-
lic h ealth s ystem o n r egional d ata c ollection, p rocessing, 
and analysis, as well as primary and secondary prevention 

efforts, t he t rauma care system o n trauma p atient care, 
including t ertiary p revention e fforts s uch a s p rehospital 
emergency c are, i n h ospital a cute c are, a nd p osthospital 
and r ehabilitative c are—while e ach k eeps a n e ye o n w hat 
the other i s doing, to ensure f ull coordination i n regional 

The current 
public health 

system

The current
EMS–Trauma  

system 

The public health 
approach to a 

comprehensive 
trauma–Injury

control system

Host Agent Environment

En
gi

ne
er

in
g

Ed
uc

at
io

n

En
fo

rc
em

en
t

En
fo

rc
em

en
t

En
gi

ne
er

in
g

Ed
uc

at
io

n

Pre-event
1° Prevention

Pre-event
1° Prevention

Event
2° Prevention

Event
2° Prevention

Post-event
3° Prevention

Post-event
3° Prevention

Host Agent Environment

Figure 2.1 The Haddon Runyan cube of injury prevention and control. The comprehensive public health approach inte-
grates all phases of injury control into a single system. The current system maintains an artificial separation between the 
three phases of injury control.
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injury prevention and control efforts, to the beneἀt of both 
the public at large and patients as individuals.

The b eneἀts o f s uch c ollaboration a re m ost o bvious i n 
primary and secondary injury prevention, but they can a lso 
accrue through tertiary prevention by improvements in EMS. 
For example, through a population-based study of the epide-
miology of pediatric trauma care in 1992 that compared vital 
statistics and hospital discharge data abstracts from a single 
state for a single year, Cooper et al. [7] reported that while total 
pediatric trauma and burn deaths occurred at a rate of 11.8 per 
100,000 p opulation, i n-hospital p ediatric t rauma a nd b urn 
deaths occurred at a rate of only 2.6 per 100,000 population. 
Since only 22% of trauma and burn deaths occurred after hos-
pital a dmission, t hese authors c oncluded t hat only t hrough 
effective injury prevention programs and improved EMS were 
pediatric injury deaths likely to decrease. Thus, to be effec-
tive, the children’s trauma surgeon must be prepared not only 
to operate upon the patient, but also to “operate” within the 

community, bringing t he resources of t he p ediatric-capable 
trauma center to adjoining neighborhoods to keep them safe 
for children at play, and to neighboring EMS to ensure they 
have the k nowledge, skills, and attitudes necessary not only 
to treat pediatric injuries after they occur, but also to prevent 
them.

Effective injury prevention programs are community based 
and require extensive collaboration with civic leaders, govern-
mental agencies, commercial entities, and neighborhood coali-
tions. P rograms s uch a s t he I njury Free C oalition for K ids® 
(www.injuryfree.org) [37–42] a nd t he New York Safe Routes 
to School program [43] have been highly successful in creat-
ing substantial reductions in t he burden of childhood injury 
in m ore t han 4 0 c ommunities t hroughout t he n ation. S uch 
programs r equire ongoing c ollaboration b etween regional 
and area trauma centers and local public health entities, so the 
incidence o f i njury c an b e t racked l ocality b y l ocality u sing 
 population-based databases, and speciἀc plans made to target 
injuries endemic to the community, based on what have been 
described a s t he “ABCDEs” o f i njury p revention [ 44]. They 
require major institutional commitment on the part of trauma 
systems and centers in prevention of injuries, including com-
mitment of the necessary staff, equipment, and resources.

Evidence in support of specialized hospital 
care for pediatric trauma

Variations in clinical practice patterns have raised concerns 
about t he e fficacy, e ffectiveness, a nd e fficiency o f t he c are 
provided. A s s uch, t he e stablishment o f o utcome b ench-
marks has become a priority in trauma, while national 
databases a re m aking t his i nformation i ncreasingly avail-
able to t he public. Components t hat help deἀne quality of 
care include infrastructure, process, and outcome. Certain 
key elements will be highlighted in this section.

Table 2.3 The 10 essential services of the public health system are fully congruent with the fundamental components and 
key infrastructure elements of the trauma system

Essential public health servicesa Trauma system components and elementsb

Monitor health Information management
Diagnose and investigate Information management
Inform, educate, and empower Education and advocacy
Mobilize community partnerships Education and advocacy
Develop policies Education and advocacy
Enforce laws Injury prevention
Links to/provides care Prehospital care, acute care facilities, posthospital care
Ensure competent workforce Professional resources
Evaluate Information management
Research Research
[System infrastructure] Leadership information management finances technology

Sources:  National Highway Traffic Safety Administration, Trauma System Agenda for the Future, National Highway Traffic Safety Administration, 
Washington, DC, 2002; Peden M et al., World Report on Road Traffic Injury Prevention, World Health Organization, Geneva, 2004.

a Public Health in America.
b Trauma System Agenda for the Future.

Table 2.4 The three core functions of the public health 
system are fully compatible with the five steps of 
performance improvement

Core public health 
functionsa

Steps in performance 
improvementb

Assessment Plan
Design
Measure
Analyze

Policy development Improve
Assurance Cycle continues

Source:  Cooper G et al., Trauma Systems Planning and Evaluation: 
A Model Approach to a Major Public Health Problem, 
Health Resources and Services Administration, Rockville, 
MD, 2004.

a The Future of Public Health.
b The Joint Commission.

http://www.injuryfree.org
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Improved o utcomes f rom t ertiary c enters o f p ediatric 
intensive c are were ἀ rst noted by Pollack e t a l. i n 1991 i n 
a s tatewide c omparison o f t ertiary a nd n ontertiary f acili-
ties [45]. To conduct this analysis, these authors compared 
illness-adjusted m ortality r ates i n p ediatric i ntensive c are 
units in a s ingle state using PRISM scores to calibrate risk. 
They found that illness-adjusted mortality rates were signif-
icantly higher (odds ratios [ORs] 1.1, 2.3, 8 for mortality risk 
groups <5%, 5%–30%, >30%) among patients in nontertiary 
facilities, m ostly f or p atients w ith s evere t raumatic b rain 
injury. Thus, they concluded that critically ill children were 
best cared for in tertiary care pediatric intensive care units.

The severity and mortality associated with pediatric blunt 
injuries in hospitals with pediatric intensive care units ver-
sus other hospitals was also reviewed by Farrell et al. in 2004 
[46]. They compared these outcomes in 8180 seriously injured 
(Injury Severity Score [ISS] ≥ 8) pediatric patients (age ≤ 12) 
enrolled i n a p opulation-based s tatewide t rauma r egistry, 
ἀnding that (1) injury severity of patients treated in hospitals 
with pediatric intensive care units and regional trauma cen-
ters without pediatric intensive care units was signiἀcantly 
higher than at other hospitals; (2) the risk-adjusted mortality 
rates were lower at hospitals with pediatric intensive care units 
than at other hospitals, except for nontrauma hospitals without 
pediatric intensive care units whose patients were considerably 
less severely injured; and (3) there is signiἀcant triaging of the 
most seriously injured pediatric blunt trauma patients to hos-
pitals with pediatric intensive care units, and evidence that this 
policy is effective. A follow-up study by Odetola et al. in 2005 
conἀrmed this ἀnding [47]. They analyzed 18,337 deaths from 
data from the National Center for Health Statistics mortality 
data ἀle and found that the presence of pediatric intensive care 
units was associated with a lower mortality from trauma inci-
dence rate ratio (IRR) = 0.72; 95% CI 0.67–0.78.

Differences in pediatric trauma care between pediatric and 
nonpediatric trauma centers were reviewed by Nakayama et 
al. in 1993 in a c omparison of outcomes between pediatric 
and nonpediatric trauma centers from a single state using a 
statewide trauma registry [48]. They found that the mortal-
ity was h ighest i n r ural nonpediatric t rauma centers. They 
also found that mortality was similar in urban pediatric and 
nonpediatric t rauma c enters, a lthough t he p robability o f 
survival was slightly, but not signiἀcantly, higher for patients 
with moderately severe injuries in pediatric trauma centers 
(PTCs), using the TRauma score, Injury Severity Score, age 
combination index, more commonly known as the TRauma 
and I njury Severity S core (TRISS), f or analysis. They con-
cluded that children fared better in hospitals that made spe-
cial provisions for the care of injured children.

The question of whether PTC designation impacts favor-
ably u pon t he c are o f i njured c hildren w as a ddressed b y 
Hall e t a l. i n 1 993 [49]. They r eviewed m edical e xaminer 
records from a l arge urban metropolis for a 5 -year period. 
They d ocumented c lear i mprovement i n o utcome f ollow-
ing designation of adult trauma centers (ATCs), and further 
improvement u pon designation o f P TCs. They c oncluded 
that PTC designation saved many lives.

The e fficacy o f p ediatric t rauma c are w as r eaffirmed 
in a p opulation-based s tudy by Cooper e t a l. i n 1993 [50]. 
They c ompared t he f requency a nd m ortality o f p ediatric 
trauma hospitalizations, based upon hospital discharge data 
abstracts f rom a s ingle s tate i n a s ingle year, versus t hose 
reported to the National Pediatric Trauma Registry during 
a similar epoch. They found evidence both of triage of more 
seriously injured patients to pediatric trauma hospitals, and 
an overall 10-fold increase in survival in PTCs for patients 
with m oderately s evere ( ISS, 1 5–19) b rain, v isceral, a nd 
musculoskeletal injuries. They concluded that PTC care was 
efficacious for those patients who need it the most, namely 
those w ith i njuries s erious en ough t o c arry a s igniἀcant 
mortality r isk, y et n ot so serious as to p ose a potentially 
insurmountable threat.

The outcome of pediatric patients with blunt injuries was 
also found to be best at a PTC by Hall et al. in 1996 [51]. 
They reviewed the fatality rates of 1797 children admitted 
to P TCs, u sing T RISS a nalysis t o s tratify r isk. W hile t he 
Z s cores d id n ot d iffer statistically b etween p ediatric a nd 
ATCs for penetrating injuries, it was signiἀcantly better in 
PTCs for blunt injuries. They a lso found a lower incidence 
of surgical intervention for liver and spleen injuries in PTCs 
compared to ATCs (4% vs. 37%–58% and 21% vs. 43%–53%, 
respectively).

The influence of a statewide trauma system on pediatric 
hospitalization and outcome was studied by Hulka et al. in 
1997 [52]. They c ompared t he f requency a nd m ortality o f 
pediatric trauma hospitalizations, based upon hospital dis-
charge data abstracts, from two adjacent states with similar 
geography a nd d emographics, o ne w ith a nd o ne w ithout 
a s tatewide t rauma s ystem. They f ound t he r isk-adjusted 
mortality rate to be signiἀcantly lower in the state with the 
trauma system 6 months after its implementation. They con-
cluded that triage to trauma centers saved many young lives.

An evidence-based review of all pediatric trauma system 
research reported to date was also prepared by Hulka for the 
Academic Symposium to Evaluate Evidence Regarding the 
Efficacy of Trauma Systems held in Stevenson, Washington, 
in 1998, also known as the Skamania Conference, and pub-
lished the following year [53]. Hulka found that of the stud-
ies r eviewed o nly t wo p opulation-based s tudies e valuated 
the i mpact o f t rauma c enters o r t rauma s ystems o n c hil-
dren. One found that a t rauma center did not improve the 
injured c hild’s risk of d eath, while the o ther found that a 
statewide trauma system improved the risk of death in seri-
ously i njured c hildren, a lthough a t hird p opulation-based 
study found a lower risk of death if the child was treated in 
an u rban t rauma c enter. I t w as c oncluded t hat s ince o nly 
two published studies had evaluated the care of injured 
children t reated a t t rauma c enters versus nontrauma c en-
ters and only one had examined the impact of a trauma sys-
tem on p ediatric outcome, f urther a nalysis w as n ecessary 
to d emonstrate t hat t rauma s ystems m ake a d ifference i n 
pediatric outcome, although all three studies had found that 
injured children had a reduced risk of death if treated at an 
urban trauma center [50–52].
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The impact of PTCs on mortality in a s tatewide system 
was extensively studied by Potoka et a l. in 2000 [54]. They 
performed a r etrospective a nalysis o f 1 3,351 c hildren 
reported to a statewide trauma registry over a 5-year period, 
stratifying p atients b y m echanism o f i njury, I SS, s peciἀc 
organ i njury, a nd t ype o f t rauma c enter. They f ound t hat 
most injured children were being treated at PTCs or ATCs 
with added pediatric qualiἀcations, and that this improved 
survival r ates. Moreover, t he outcome for h ead, l iver, a nd 
spleen i njuries w as better while laparotomy a nd splenec-
tomy rates were lower at PTCs versus other types of centers.

Improved f unctional outcome for severely i njured chil-
dren treated at PTCs was also documented by Potoka et al. 
in 2 001 [ 55]. They p erformed a r etrospective a nalysis o f 
14,284 children reported to the same statewide trauma reg-
istry over the same 5-year period, stratifying patients both 
by t ype o f t rauma c enter a nd f unctional o utcome. They 
found a n o verall t rend t oward b etter f unctional o utcome 
at P TCs v ersus A TCs w ith a dded p ediatric q ualiἀcations 
and large ATCs, but not versus small ATCs to which pedi-
atric p atients w ere r arely t riaged. M oreover, s igniἀcantly 
improved functional outcome was documented at discharge 
for head-injured patients treated at PTCs versus ATCs with 
added p ediatric q ualiἀcations a nd l arge A TCs, b ut, o nce 
again, n ot v ersus s mall A TCs t o w hich p ediatric p atients 
were rarely triaged.

The question of whether PTCs have better survival rates 
than A TCs w as a lso s tudied b y O sler e t a l. i n 2 001 [ 56]. 
They p erformed a r etrospective a nalysis of t he e xperience 
of t rauma c enters p articipating i n t he N ational P ediatric 
Trauma Registry over a 10-year period from 1985 to 1996, 
during which 53,113 cases were enrolled. While the overall 
mortality was lower at PTCs versus ATCs (1.8% vs. 3.9%), 
there w as n o d ifference i n r isk-adjusted m ortality r ate. 
Overall m ortality w as a lso l ower a t t rauma c enters v eri-
ἀed by the American College of Surgeons Committee on 
Trauma as appropriate for pediatric trauma care.

Despite 10 years of progressively increasing evidence in 
favor o f s pecialized p ediatric t rauma c are, a s urvey c on-
ducted by Segui-Gomez et al. evaluating pediatric trauma 
care in 18 states demonstrated that 47% of pediatric trauma 
care w as p rovided i n n ontrauma c enters, w hile o nly 1 3% 
of injured children were treated in PTCs [57]. Remarkably, 
whether pediatric centers deliver better care than ATCs 
continues to be a s ubject of debate, a lthough t he evidence 
gleaned from recent studies continues to support the advan-
tage o f s pecialized p ediatric t rauma c are. F or e xample, 
Densmore e t a l. i n 2006 a nalyzed 79,673 pediatric admis-
sions f rom t he K ID d atabase (a national d atabase consist-
ing of 27-state inpatient data). They found that while 89% of 
children were triaged to adult centers or adult centers with 
pediatric u nits, a dult ho spitals h ad i n-hospital m ortality 
rates and lengths of stay that were signiἀcantly higher than 
in children,s hospitals, especially for younger and more seri-
ously injured children [58].

A more recent study by Amini et al. in 2011 reviewed 
the records o f 11,053 i njured c hildren i n Q uebec, C anada 

between 1998 and 2005 [59]. They compared the mortality 
rates o f c hildren t reated a t A TCs v ersus t hose t reated a t 
PTCs, ἀ nding t he r isk o f mortality, e xpressed a s a djusted 
OR, to be greater for children treated at all other ATC lev-
els (Level I OR = 3.1 [95% conἀdence interval [CI]: 1.3–7.5] 
Level II OR = 2.5 [95% CI: 1.3–5.0], Level III OR = 5.2 [95% 
CI: 2.1–13.1], Level IV OR = 9.9 [95% CI: 2.4–41.3]). Similar 
ἀndings were observed a mong t he subsamples of children 
who w ere m ore s everely i njured ( ISS > 1 5) a nd w ho s us-
tained head injuries.

Wang e t a l. i n 2 011 s imilarly e xamined t he e fficacy o f 
the pediatric t rauma s ystem i n C alifornia [60], i nvestigat-
ing the outcomes of 77,874 children with nontrivial trauma. 
Trauma centers cared for 67% of patients with a m ortality 
rate of 6.1%, nontrauma centers for 33% of patients with a 
mortality r ate o f 3 .8%, o wing t o t he h igher p ercentage o f 
proportionally m ore s everely i njured p atients i n t rauma 
centers, 31.2%, versus nontrauma centers, 23.8%. However, 
of t he 52,214 c hildren c ared for i n a t rauma c enter, P TCs 
cared f or 3 8,836, o r a pproximately t hree-fourths, w ith a 
mortality rate of 5.8%, while ATCs had a m ortality rate of 
6.3%. The Trauma Mortality Prediction Model was used to 
adjust for t rauma s everity, w hile r egression a nalysis d em-
onstrated a 0 .79 percentage point (95% CI − 0.80 to − 0.30; 
p = 0 .044) d ecrease i n m ortality f or c hildren c ared f or i n 
trauma centers. No decrease in mortality was demonstrated 
for children cared for in PTCs versus ATCs.

The s peciἀc q uestion o f w hether p ediatric t rauma 
patients can be optimally treated by adult trauma surgeons 
has b een i nvestigated b y a n umber o f a uthors. K nudson 
et al. and Fortune et al. in 1992 [61,62], Rhodes et al. in 1993 
[63], Bensard et al. in 1994 [64], and D’Amelio et al. in 1995 
[65], in comparing, respectively, 353, 303, 1115, 410, and 427 
pediatric patients with the Multiple Trauma Outcome Study 
database r egarding d emographics, m echanism o f i njury, 
Revised Trauma Score, surgical procedures, intensive care, 
ISS, and outcome, found that overall fatality rates, respec-
tively, of 6%, 8.9% (mean ISS 15.6), 2.5% (mean ISS 11.1), 2%, 
and 4.2% (mean ISS 11.5) compared favorably with national 
standards—while Partrick et al. in 2000 [66] and Sherman 
et al. [67] in 2002 found similar results with respect not only 
to m ortality o utcomes, b ut a lso t o t he m anagement a nd 
outcomes of injuries to two speciἀc body regions, the head 
and abdomen. Taken together, these studies provide strong 
evidence that adult trauma surgeons can provide appropri-
ate care for pediatric trauma patients. However, what is not 
mentioned i n a ny o f t hese r eports i s t hat a ll i nstitutions 
involved in these studies had the beneἀt of comprehensive 
pediatric inpatient facilities, including pediatric emergency 
care, p ediatric i ntensive c are, p ediatric a cute c are, a nd 
perhaps m ost i mportant y et m ost f requently o verlooked, 
pediatric n ursing c are—indirectly s upporting t he not ion 
that what is most critical in pediatric trauma care is proper 
emphasis on the special needs of pediatric patients through-
out a ll phases of c are, a nd validating t he observation t hat 
when such provision is made, pediatric trauma patients can 
be expected to have optimal outcomes.
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In summary, there now exists a substantial body of scien-
tiἀc evidence in support of the need for specialized pediatric 
trauma care. As with adult trauma care, such evidence has 
been difficult to obtain and substantiate, and has been limited 
by a n umber of confounding v ariables u nique to pediatric 
patients—the relative infrequency of major pediatric trauma 
(despite t he f act that i t r emains t he l eading p ublic h ealth 
problem of childhood), t he sharply lower mortality rate of 
major p ediatric t rauma (about one-third the r ate o f m ajor 
adult t rauma f atalities), a nd t he l ack o f s tatistically v alid, 
reliable, r isk-adjusted, p opulation-based m odels t o p redict 
outcome after major pediatric trauma. While it is clear that 
trauma systems and trauma centers that make special provi-
sions for the needs of injured children are l ikely to achieve 
better outcomes than those that do not, it is not known who 
or what is speciἀcally responsible for this survival advantage. 
Although studies to date have lacked the statistical power to 
address these questions, the development and maintenance 
of a national t rauma registry for children that is represen-
tative of t he pediatric population as a  whole—the u ltimate 
goal of the American College of Surgeons National Trauma 
Data Bank®—will permit and promote the performance of 
such s tudies, a nd w ill a llow f urther reἀnement of existing 
systems of pediatric trauma care to better suit the needs of 
the United States’ injured children.

In conclusion, the implications of these research ἀndings 
are clear. Trauma systems must ensure that the special needs 
of p ediatric p atients a re m et t hroughout t he en tire c on-
tinuum o f t rauma c are—from p revention t hrough a ccess, 
ambulance c are, em ergency c are, o perative a nd i ntensive 
care, a cute c are, r ecovery, a nd r ehabilitation. T o en sure 
that these goals are met at the system level, regional trauma 
advisory committees should invite representatives from the 
pediatric trauma care community to participate in all their 
activities on a p ermanent b asis. To en sure t hese goals a re 
met a t t he hospital l evel, a ll t rauma c enter medical d irec-
tors should assume personal responsibility to invite the par-
ticipation of pediatric capable trauma professionals to the 
care of the p ediatric trauma patient. To this end, reliance 
on the latest editions of the American College of Surgeons’ 
Consultation for Trauma Systems [ 68] a nd Resources for 
Optimal Care of the Injured Patient [18] will ensure the 
needs of injured children are met in the system and the hos-
pital alike, the principles of which are described in the sec-
tion “Elements of Contemporary Pediatric Trauma System 
Design” w ith r espect t o t he c are o f t he p ediatric t rauma 
patient.

Elements of contemporary pediatric trauma 
system design

Pediatric trauma system

The p ediatric t rauma s ystem i s p art o f t he f ully i nclusive 
regional trauma system, each component of which is pedi-
atric c apable. The regional t rauma c enter a nd, ideally, t he 
regional P TC a re a t t he h ub o f t he s ystem. A rea t rauma 

centers may be needed in localities distant from the regional 
trauma center and must be capable of surgical management 
of pediatric trauma. All other hospitals in the region should 
participate as they are able, but must at least be capable of 
initial resuscitation, stabilization, and transfer of pediatric 
trauma p atients. F inally, t here must b e a r egional t rauma 
advisory committee that includes pediatric representation, 
with the authority to develop and implement guidelines for 
triage of pediatric trauma patients within the system. The 
regional t rauma s ystem s hould a lso c ollaborate w ith t he 
public h ealth s ystem i n i njury p revention, a nd w ith l ocal 
public health, public safety, and emergency management 
agencies in disaster planning.

Pediatric trauma center

The PTC should be located in a t rauma hospital with com-
prehensive pediatric services, such as a full service general, 
university, or c hildren’s hospital. This hospital must d em-
onstrate a n i nstitutional commitment to pediatric t rauma 
care, a s e videnced b y t he p rovision o f a ppropriate s taff, 
equipment, a nd o ther r esources n ecessary t o c are f or t he 
most seriously injured pediatric trauma patients. Pediatric 
medical and surgical subspecialty services and units must be 
present and should include pediatric trauma surgery, pedi-
atric emergency medicine, pediatric critical care, pediatric 
neurosurgery, p ediatric orthopaedics, pediatric r adiology, 
and pediatric anesthesiology. Pediatric nursing and allied 
health professionals must also be present, and advanced life 
support training in trauma and pediatrics must be current 
for all staff who care for pediatric trauma patients. Finally, 
there must be an organized pediatric trauma service within 
the regional PTC, with separate medical leadership, nursing 
coordination, s ocial s ervices, a nd p erformance i mprove-
ment. R egional P TCs m ust a lso s upport e ducation a nd 
research i n pediatric trauma a nd p rovide leadership in 
pediatric t rauma system coordination, i ncluding pediatric 
disaster management.

Evidence in support of specialized 
prehospital care for pediatric trauma

Resuscitation

There is scant literature on prehospital p ediatric trauma 
resuscitation. Those studies that exist focus chiefly on air-
way management, volume resuscitation, and cervical spine 
stabilization, a nd, c ollectively, s uggest t hat l ess i s m ore, 
that a “scoop and run” philosophy remains preferable to a 
“stay and play” approach for pediatric trauma patients, as is 
also true for adult trauma patients—especially since pedi-
atric resuscitation skills are infrequently used in pediatric 
trauma p atients [ 69,70]. S peciἀcally, i t a ppears t hat n ei-
ther endotracheal intubation (ETI), nor medical antishock 
trousers (MAST), nor intravenous (IV) fluid improves the 
survival of pediatric trauma patients in the ἀeld, and that 
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even under circumstances where volume resuscitation 
is u tilized, t he s mall v olumes i nfused w ould b e u nlikely 
to h ave s igniἀcant p hysiologic b eneἀt. F urthermore, i t 
appears that while cervical spine stabilization is critical for 
seriously h ead a nd brain i njured p atients, c urrent m eth-
ods are neither risk free nor optimally designed to achieve 
proper n eutral p ositioning i n t he m ajority o f p ediatric 
trauma patients.

The ἀ rst c lue t hat prehospital pediatric ETI was poten-
tially harmful came in a retrospective analysis of 496 injured 
patients of all ages published in 2000 by Eckstein et al. [71], 
who found that adjusted survival for major trauma patients 
aged 0 –91 y ears o f a ge r equiring b ag-valve-mask ( BVM) 
ventilation w as 5 .3 t imes m ore l ikely t han f or t hose w ho 
underwent ETI (95% CI, 2.3–14.2, p = 0.00). The speciἀc 
effect of out-of-hospital pediatric ETI on survival and neu-
rological o utcome w as d eἀnitively s tudied b y G ausche e t 
al. a nd reported i n 2 000. These authors c onducted a p ro-
spective randomized trial of consecutive pediatric patients 
less than 13 years of age [72], and found that mortality rates 
were similar between the two groups (26% vs. 31%, respec-
tively), a s w as g ood n eurological o utcome ( 20% v s. 2 3%, 
respectively), including multiply i njured and head-injured 
patients. However, while procedural complications were 
identical between t he two groups ( 51% v s. 53%, respec-
tively), scene times were longer for patients who were venti-
lated via tube rather than bag and mask (11 vs. 9 min).

In v iew of the relatively small numbers of head-injured 
patients in the above study—the very patients who might be 
expected t o b eneἀt m ost f rom d eἀnitive a irway  control—
prehospital E TI f or s evere h ead i njury i n c hildren w as 
reviewed b y C ooper e t a l. [ 73] i n 2 001. They p erformed 
a r etrospective a nalysis o f a ll 5 78 s everely ( Abbreviated 
Injury Scale [AIS] ≥ 4) head-injured patients reported to the 
National Pediatric Trauma Registry during its last 5 y ears 
of operation who required prehospital airway management 
(ETI i n 83% v s. b ag a nd m ask i n 17%), ἀ nding t hat m or-
tality rates were identical between the two groups (48% vs. 
48%, r espectively), i ntubated p atients b eing o lder, m ore 
often t ransported b y h elicopter, a nd m ore o ften r esusci-
tated with fluid. As before, procedure or equipment failure 
or complications were identical between the two groups—
as w ere f unctional o utcomes—but i njury c omplications 
occurred l ess o ften i n i ntubated p atients t han i n m asked 
patients (58% vs. 71%, respectively), for reasons that could 
not be explained. Extending on the previous study, DiRusso 
et al. [74] looked at 5460 children in the National Pediatric 
Trauma R egistry b etween 1 994 a nd 2 002 w ho w ere i ntu-
bated in the ἀeld for any indication, ἀnding that the actual 
(observed) death rate, based on a logistic regression model, 
was signiἀcantly higher than predicted among those intu-
bated in the ἀeld regardless of injury severity.

The absence of survival beneἀt and the high rate of com-
plications a ssociated w ith p rehospital p ediatric E TI h ave 
led most EMS systems and agencies to a llow these only in 
cases when airway control is needed but cannot be achieved 
by other means. Carlson et a l. [75] recently conἀrmed t he 

unacceptably high failure rate of 26% for this procedure in 
looking a t 3 049 p ediatric i ntubation a ttempts i n c hildren 
less than 18 years of age reported to the National Emergency 
Medical Services Information System. The proliferation of 
supraglottic airway devices, such as the laryngeal mask air-
way (LMA) and the King laryngeal tube-disposable (LT-D), 
which r equire l ess t raining a nd a re l ess c hallenging t han 
ETI, have shown promising results. In a pilot study of simu-
lated prehospital pediatric cardiopulmonary arrest by Chen 
and Hsaio [76] in 2008, paramedics achieved effective venti-
lation in 23 seconds via LMA versus 46 seconds via ETI with 
fewer attempts and fewer complications, while in a s imilar 
study of simulated pediatric respiratory arrest by Ritter and 
Guyette i n 2 011, 41 of 4 5 paramedics (95.5%) successfully 
placed the King LT-D on the ἀrst attempt with a mean time 
to placement of 34 seconds [77].

The efficacy of MAST use in injured children who pres-
ent i n h ypotensive s hock w as e xamined b y C ooper e t a l. 
[78] in 1992. They reviewed the experience of the National 
Pediatric Trauma Registry over a 4-year period in 179 hypo-
tensive (systolic blood pressure [SBP] ≤ 80 mmHg) children 
(age ≥ 5 years), of whom 48 (27%) were treated with MAST. 
The MAST patients were somewhat older (12.6 vs. 10.3 years) 
and more severely injured (pediatric trauma score [PTS] 1.9 
vs. 3.8, ISS 35.3 vs. 25.8), but were otherwise similar to con-
trols. However, survival was dramatically lower in patients 
treated with MAST (25% vs. 48%). Those with severe inju-
ries (PTS ≤ 4 , ISS ≥ 2 0) or who were severely hypotensive 
(SBP ≤ 50 mmHg), were neither helped nor hurt by MAST 
use, p resumably b ecause t heir i njuries w ere o f s uch g reat 
severity that survival was uncommon.

The e fficacy o f p rehospital v olume r esuscitation i n 
injured c hildren w ho p resent i n h ypotensive s hock w as 
examined b y t he s ame g roup [79] i n 1993. They r eviewed 
the e xperience o f t he N ational Pediatric Trauma R egistry 
over a 5-year period in 1727 hypotensive children (SBP ≤ 80 
mmHg < 5 years of age, SBP ≤ 90 mmHg ≥ 5 years of age), of 
whom 386 (22%) were treated with IV fluid in the ἀeld. The 
fluid patients were signiἀcantly older (8.9 vs. 3.7 years) and 
more severely injured (PTS 4.1 vs. 7.3, ISS 26 vs. 10), more 
severely head injured (Glasgow Coma Scale [GCS] 8 vs. 10), 
more hypotensive (SBP 62 vs. 79), a nd more often v ictims 
of motor vehicle crashes and gunshot wounds but less often 
victims of falls. Once again, survival was signiἀcantly lower 
in patients t reated w ith fluid (52% vs. 89%), a ἀ nding t hat 
was i ndependent o f a ge, i njury s everity, a nd S BP, e xcept 
among patients with severe injuries (ISS ≥ 20) or profound 
hypotension (SBP ≤ 50 mmHg), most of whom died.

The efficacy of intraosseous (IO) fluid infusion either in 
the ἀeld or in the emergency department in injured children 
who p resent i n h ypotensive s hock w as a lso e xamined b y 
this group [80] in 1993. They reviewed the experience of the 
National Pediatric Trauma Registry over a 5-year period in 
405 hypotensive (SBP ≤ 80 mmHg) children (age < 5 years), 
of whom 33 (8%) were treated with IO fluid. The IO patients 
were far more severely injured (PTS –0.1 vs. 5.6, ISS 33 vs. 
16), far more severely head injured (GCS 4 vs. 11), far more 
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hypotensive (SBP 29 vs. 67), but were similar in age and sex. 
Survival w as d ramatically l ower i n p atients t reated w ith 
fluid versus unmatched controls (12% vs. 80%); survival was 
also signiἀcantly lower in patients treated with fluid versus 
controls matched by severity of injury.

The e ffectiveness o f p rehospital fluid t herapy i n p edi-
atric t rauma p atients w as a lso r eviewed b y T each e t a l. 
[81] in 1995. They reviewed t he ambulance t rip and emer-
gency department records of 50 pediatric patients less than 
18 years of age (average age 9.6 years) who received IV fluid 
in t he p rehospital s etting. They f ound t hat t he c ombined 
total prehospital t ime (scene t ime plus transport t ime) did 
not differ whether the IV catheter was placed at the scene or 
in the ambulance (25.6 vs. 25.5 minutes, respectively), while 
the average prehospital infusion volume was only 4.4 mL/kg 
(range 0–17 mL/kg), or less than 25% of the dose prescribed 
in regional advanced life support protocols. They also deter-
mined that of the 50 patients reviewed, the intervention was 
possibly beneἀcial in two, possibly detrimental in one, and 
inconsequential in the remainder.

Owing t o t he d ifferent i njury p atterns t ypically s us-
tained by children (1) who mostly sustain blunt trauma, (2) 
among w hom hemodynamic i nstability i s relatively i nfre-
quent [82], and (3) for whom IV access is more difficult as 
a result of smaller, collapsible vessels and increased subcu-
taneous f at, m any h ave q uestioned t he r ole o f prehospital 
volume re suscitation i n i njured c hildren. A  re trospective 
review by Vella et al. [83] in 2006 revealed that only 50% of 
children received two peripheral IV lines and that only 10% 
of children required more than a single fluid bolus. The only 
predictor for the need of fluids was ISS. Although this study 
was conducted after patient arrival in the PTC, it does sug-
gest that the time and effort needed to establish a second IV 
line in the ἀeld may not be needed, and may detract f rom 
other priorities.

While t he p receding i nvestigations, t aken t ogether, 
suggest t hat prehospital volume resuscitation, whether v ia 
the IV or IO route, may add limited value to the care of the 
injured child in t he ἀe ld, recent evidence compiled by t he 
Joint Theater T rauma R egistry o f t he A merican m ilitary 
medical s ervices during t he M iddle E astern conflicts sug-
gests that the use of commercially available arterial tourni-
quets is no less effective in children t han in adults. K ragh 
et al. [84] in a retrospective review of the use of such tour-
niquets i n 8 8 p ediatric c asualties reported over a 6 ½-year 
period f rom 2 003 t o 2 009 d ocumented a s urvival r ate i n 
this cohort of 93%. Survivors and nonsurvivors were simi-
lar in all independent variables except duration of hospital 
stay, which was 5 days for survivors and 1 day for nonsur-
vivors. A lthough no c ivilian d ata have yet been published 
on tourniquet use in children with otherwise uncontrol-
lable extremity bleeding, the military experience with these 
devices w as d eemed s ufficient b y a n e xpert p anel f or t he 
American C ollege o f S urgeons C ommittee o n Trauma t o 
promulgate a n E vidence-Based P rehospital G uideline f or 
External H emorrhage C ontrol t hat s upported t ourniquet 
use in children [85].

Emergency transport and positioning in young children 
who have an injury of the cervical spine were investigated 
by Herzenberg et al. in 1989 [86]. They found that in 10 chil-
dren less than 7 years old, an unstable injury of the cervical 
spine had anterior angulation or translation, or both, on ini-
tial lateral radiographs that were made with the child supine 
on a standard backboard. Supine and lateral radiographs of 
72 children who did not have a f racture also demonstrated 
more relative c ervical k yphosis i n younger c hildren w hen 
they w ere i n t he s upine p osition. They c oncluded t hat t o 
prevent undesirable cervical flexion in young children dur-
ing emergency transport and radiography, a standard back-
board should be modiἀed to provide safer alignment of the 
cervical spine, either through use of a recess for the occiput 
or a double mattress pad.

The respiratory effects of spinal immobilization in chil-
dren were studied by Schafermeyer et al. in 1991 [87]. They 
performed a p rospective s tudy o f t he r estrictive e ffects o f 
two s pinal i mmobilization s trapping t echniques o n t he 
respiratory c apacity of 5 1 normal, healthy children (age 
6–15 years) by measuring forced vital capacity in the stand-
ing, s upine, a nd f ully i mmobilized p ositions. They f ound 
a 2 0% ( range 4 %–59%) r eduction i n f orced v ital c apacity 
regardless of strapping technique. They concluded that spi-
nal immobilization signiἀcantly reduced respiratory capac-
ity in children.

Neutral cervical spine positioning was further researched 
by N ypaver a nd Treolar [88] i n 1 994. They m easured t he 
height of back elevation required to place the cervical spine 
in a n eutral p osition i n a c onvenience sample of c hildren 
less than 8 y ears old, ἀ nding that (1) a ll children required 
elevation o f t he b ack f or c orrect n eutral p osition ( mean 
height 25 .5 m m, r ange 5 –41 m m), a nd ( 2) c hildren l ess 
than 4 y ears o ld r equired m ore e levation t han o lder c hil-
dren (27 vs. 22 mm). Extending their investigations in 1997, 
Treolar and Nypayer [89] prospectively evaluated semirigid 
cervical collars in eliminating cervical spine flexion in chil-
dren o n b ackboards. They u sed C -spine r adiographs o n 
18 children less than 8 years of age by measuring the C2–C6 
lateral Cobb angles before and after the semirigid collar was 
removed. In ἀnding 3.4 ± 9.9 versus 5.6 ± 6.8 degrees of cer-
vical flexion (p < . 05), they showed that extrication collars 
then in use failed to fully eliminate cervical flexion.

Achieving neutral position with pediatric cervical spine 
immobilization was also examined by Curran et al. in 1995 
[90]. They conducted a prospective evaluation of current 
spine i mmobilization d evices i n a chieving r adiographic 
neutral positioning of the cervical spine in 118 pediatric 
trauma p atients b y o btaining l ateral c ervical s pine r adio-
graphs w hile t hese p atients r emained f ully i mmobilized. 
They found that 60% of patients had excessive kyphosis or 
lordosis, 50% were i n excessive flexion, a nd t hat no s ingle 
device o r t echnique ( collar, b ackboard, a nd t owels a nd 
collar, b ackboard, a nd b locks w ere m ost f requently u sed) 
appeared t o p rovide s uperior p rotection f rom a ngulation. 
No single method or combination of methods consistently 
achieved a neutral position.



Evidence in support of specialized prehospital care for pediatric trauma 17

The q uestion o f w hether p rehospital c ervical s pine 
immobilization can be safely avoided in pediatric patients 
with m inor i njuries h as n ot b een a nswered d eἀnitively. 
Attempts were made by Jaffe et al. [91] and Rachesky et al. 
[92] in 1987 to develop clinical prediction rules that would 
reliably determine which of these patients had sufficiently 
low r isk o f c ervical s pine i njury t o j ustify o mission o f 
cervical s pine s tabilization i n t he prehospital s etting but 
neither was s ufficiently a ccurate. However, t he National 
Emergency X -Radiography U tilization S tudy ( NEXUS) 
criteria f or c linical p rediction o f c ervical s pine i njury 
established by Hoffman et al. [93] in 2000 were applied to 
pediatric t rauma patients by Viccellio e t a l. [94] i n 2001, 
and appeared to perform well, w ith 100% sensitivity a nd 
negative predictive value (95% CIs of 88%–100% and 99%–
100%, respectively). Even so, the authors urged caution in 
applying the results due to the small size of the study, cer-
tainly a wise recommendation in view of the known risks 
of s pinal c ord i njury w ithout r adiographic a bnormality 
and atlantoaxial instability, especially i n p atients with 
Down syndrome [95,96].

Ehrlich e t a l. [ 97] i n 2 009 a lso e xamined t he a pplica-
tion of the NEXUS criteria, as well as those of the Canadian 
C-spine r ule ( CCR), b y r etrospective a nalysis o f c ase-
matched trauma patients 10 years of age and younger. They 
formed two groups, in one of which imaging of the cervical 
spine w as p erformed, w hile i n t he other no such i maging 
was performed. They then applied the NEXUS and the low-
risk CCR c riteria t o each g roup, ἀnding t hat the N EXUS 
criteria h ad a s ensitivity o f 4 3% a nd a s peciἀcity o f 9 6%, 
while the CCR had a s ensitivity of 86% and a s peciἀcity of 
94%. As such, they concluded that neither rule is sensitive 
nor speciἀc enough to b e used i n children younger than 
10 years old.

Another r etrospective s tudy o f t he n eed f or c ervical 
spine c learance—and by e xtrapolation, the need for pre-
hospital cervical spine stabilization—in children younger 
than 3 years of age was conducted by Pieretti-Vanmarcke 
et al. [98] on behalf of the American Association for the 
Surgery of Trauma. Based on a review of the experience in 
22 trauma centers throughout America, they developed a 
score that assigned points as follows: GCS < 14 (3 points), 
GCS e ye o pening = 1 ( 2 p oints), m otor v ehicle a ccident 
(2 p oints), a nd a ge > 2 y ears (1 p oint). A s core < 2 h ad a  
negative predictive value of 99%, a sensitivity of 93%, and 
a speciἀcity of 70%, while only ἀve patients (0.06%) with 
a s core <2 had a c ervical spine i njury. O wing to t he d if-
ἀculty of establishing easy-to-use clinical prediction rules 
for cervical spine clearance—and, again, by extrapolation, 
the need for prehospital c ervical s pine s tabilization—the 
federally s upported P ediatric E mergency C are A pplied 
Research Network ( PECARN) a lso c onducted a s tudy t o 
determine factors associated with cervical spine injury in 
children after blunt injury [99]. Based on a study involving 
540 children compared with 1060, 1012, and 760 random, 
mechanism o f i njury, a nd E MS c ontrols, t hey i dentiἀed 
a number of factors associated w ith cervical spine injury 

in c hildren a fter b lunt t rauma: a ltered m ental s tatus, 
focal neurologic ἀndings, neck pain, torticollis, substan-
tial t orso i njury, a nd c onditions p redisposing t o c ervi-
cal spine i njury (e.g., d iving a nd h igh-risk motor vehicle 
crashes). One of t he aspects l imiting t he ability to devise 
accurate clinical prediction rules, of course, is relative rar-
ity of cervical spine i njuries i n young children, which i n 
a recent systematic review of t he problem by Schöneberg 
et al. was found to be only 1.4% [100]. While, in contrast 
to t he c onclusions reached by Treolar a nd Nypaver c ited 
above [89], they stated that the cervical spine in children 
can be c leared by a c ombination of N EXUS low-risk c ri-
teria and t he CCR, t hey a lso advised caution in applying 
these r ules, e specially t o n onverbal a nd/or u nconscious 
children, the very patients in whom the diagnosis of cervi-
cal spine injury is most likely to be missed—not unlike the 
caution V iccellio e t a l. [94] r ecommended i n t heir c om-
ments regarding the application of NEXUS to the pediatric 
population.

Triage

Most r egional p ediatric p rehospital t rauma t riage c riteria 
are based upon the original American College of Surgeons 
Field T rauma T riage D ecision S cheme, w hich i ncludes 
anatomic, ph ysiologic, m echanistic, a nd c omorbid c rite-
ria i ncluding a ge l ess t han 5 , a nd w hich h ave b een t wice 
revised since this monograph was ἀrst published [101,102]. 
The PTS was a lso developed as a ἀe ld t riage tool t hat cor-
relates c losely w ith I SS a s a p redictor o f m ortality [103]. 
However, t he R evised T rauma S core p erforms n early a s 
well as the PTS—despite the fact that it is based upon adult 
vital s igns— presumably b ecause a bnormalities i n r espira-
tory rate (RR) and GCS score tend to correlate in seriously 
injured pediatric patients, most of whom have serious trau-
matic brain injury, thereby giving “double weight” to those 
components of the score most likely to be abnormal follow-
ing head injury [104]. Yet, both scores require calculation in 
the busy prehospital setting, calling for simpler tools requir-
ing no added calculations that would minimize both unde-
sirable overtriage and unacceptable undertriage.

To assess patterns of pediatric trauma triage and patient 
transfer to regional PTCs and proximate ATCs based upon 
use of t he a natomic, physiologic, a nd mechanistic c riteria 
delineated in the American College of Surgeons Field Triage 
Decision Scheme, a review of 1307 pediatric t rauma c ases 
was c onducted by Jubelirer e t a l. [105] i n 1990. The s tudy 
was performed in eight Level I I t rauma centers surround-
ing a m ajor m etropolitan s tatistical a rea t hat c ontained 
two regional PTCs. They found that while 43 patients were 
transferred to the regional PTCs based on local criteria, the 
remaining 1264 patients were treated in the Level II trauma 
centers, with outcomes that compared favorably to those in 
other published reports. They concluded that patients with 
moderate but not severe injuries (PTS > 8) could be success-
fully m anaged b y L evel I I t rauma c enters—although t he 
observed mortality rate of 1.8% suggests that at least some 



18 Organizing the community for pediatric trauma

patients who died, a ll of whom clearly had serious injuries 
(PTS ≤ 8), might have fared better at a PTC.

The need for pediatric-speciἀc triage criteria was rein-
forced f ollowing p ublication o f t he r esults o f a s tatewide 
trauma triage study by Phillips et al. [106] in 1996. They per-
formed a retrospective analysis of state trauma registry data 
and s tate h ospital d ischarge d ata i n a n ine-county r egion 
to d etermine i f u se o f t he s tate t rauma t riage “scorecard” 
based upon the American College of Surgeons Field Triage 
Decision S cheme resulted i n appropriate c ategorization a s 
“major” or “minor” trauma according to standardized pro-
tocols d eveloped b y a n e xpert m edical p anel. They f ound 
that of the 1505 pediatric cases available for analysis, which 
accounted f or 9 % o f t he t otal s tudy p opulation, 6% o f a ll 
hospitalized cases, and 7% of all trauma deaths, there was a 
15% overtriage rate and a 33% undertriage rate, well above 
the 5% target rates for acceptable overtriage and undertri-
age. They concluded that new pediatric triage instruments 
were needed to avoid unacceptable undertriage.

To t his end, a b etter a lternative for predicting i npatient 
mortality for p ediatric t rauma patients w ith b lunt i njuries 
was reported by Hannan et al. [107] in 2000. They performed 
a r etrospective review of 2 923 s eriously i njured (ISS ≥ 8) 
pediatric patients (age ≤ 12 years) reported to a single state’s 
trauma registry over a 2-year period. They tested all variables 
from the PTS and the Revised Trauma Score, as well as the 
individual components of t he GCS Score, t he A lert, Voice, 
Pain, Unresponsive (AVPU) Score, the ISS, the International 
Classiἀcation of Disease (ICD)-9 based Injury Severity Score 
(ICISS), a nd age-speciἀc SBP, ἀ nding t hat t he only signiἀ-
cant independent predictors of mortality were ICISS, a best 
motor response of 1 from the GCS Score, and the unrespon-
sive c ategory f rom t he AVPU S core—the l atter t wo b eing 
readily a vailable t o p rehospital p ersonnel. M oreover, t he 
sensitivity and speciἀcity of both measures exceeded 90%.

Prehospital triage in the injured pediatric patient was also 
studied by Engum et al. [108] in 2000. They performed a pro-
spective analysis of 1295 pediatric trauma patients versus 1326 
adult trauma patients who died in the emergency department, 
underwent operation, or were admitted to the intensive care 
unit, as indicators of the need for specialized trauma care. They 
found that the most accurate criteria for prediction of major 
injury were SBP ≤ 90 mmHg, burn ≥ 15% of total body surface 
area, GCS ≤ 12, R R ≥ 2 9 breaths per minute, and paralysis, 
while less accurate criteria for major injury were fall > 20 feet, 
penetrating t rauma, v ehicle e jection, p aramedic j udgment, 
vehicle rollover, and need for vehicle extrication. Using these 
criteria, they found an overtriage rate of 71% but an undertri-
age rate of 0%, with the Revised Trauma Score and PTS miss-
ing 30% and 45% of major trauma patients, respectively.

The speciἀc question of whether specialized tools for 
pediatric trauma team activation and for pediatric helicop-
ter triage could improve pediatric trauma staff utilization 
and pediatric trauma survival rates without excessive over-
triage r ates h as a lso b een i nvestigated. S ola e t a l. [109] i n 
1994, in a study of 952 children treated at a regional PTC over 
a 1-year period, found that pediatric trauma triage criteria 

had a sensitivity of 86% in predicting which trauma patients 
would r equire e ither a n o peration o r p ediatric i ntensive 
care, while maintaining a speciἀcity of 98%. Moront et a l. 
[110] in 1996, in a study of 3861 injured children treated at 
a regional PTC over a 4 -year period, found that helicopter 
transport w as a ssociated w ith b etter s urvival r ates t han 
ground transport, and that pediatric helicopter triage crite-
ria based on GCS score and heart rate improved helicopter 
resource utilization w ithout c ompromising c are, a lthough 
substantial overtriage rates were observed. However, Kotch 
and Burgess [111] in 2002, in a s tudy of 969 patients trans-
ported t o a r egional t rauma c enter b y h elicopter o ver a 
5-year p eriod, of w hom 143 patients were children, found 
no d ifferences i n t riage s cores, i njury s everity, or survival 
probability in children versus adults, although pediatric 
lengths of stay were slightly shorter.

Recognizing that the American College of Surgeons Field 
Triage Decision Scheme l ikely required signiἀcant revision 
based u pon n ew e vidence, t he C DC i n 2 005 c onvened a n 
expert panel to review this evidence and recommend changes 
to the triage algorithm. The revised algorithm was published 
in 2006 as Guidelines for Field Triage of Injured Patients [101]. 
These Guidelines were modiἀed for children versus adults in 
only t wo ways: (1) u nder “Step One,” t he physiologic com-
ponent, the lower limit of acceptable RR was increased from 
<10 breaths per minute to <20 breaths per minute for infants 
aged less than 1 year, and (2) under “Step Three,” the mecha-
nistic c omponent, t he u pper l imit o f a cceptable f all h eight 
was decreased from >20 to >10 feet or two to three times the 
height of the child. It was a lso stated, under the ἀnal “Step 
Four” of the Guidelines, that children should be triaged pref-
erentially to pediatric-capable trauma centers.

Recognizing t he paucity of reliable data upon which to 
base t riage r ecommendations i n c hildren, N ewgard e t a l. 
[112] in 2007 reported the results of their evaluation of the 
predictive value and appropriate ranges of prehospital phys-
iologic parameters in 3877 high-risk injured children less 
than 14 y ears o f a ge f rom O regon S tate Trauma R egistry, 
ἀnding p rehospital G CS t o b e t he v ariable o f g reatest 
importance i n i dentifying h igh-risk c hildren, f ollowed b y 
airway intervention, RR, heart rate, SBP, and shock index, 
and t hat t here was a l inear relationship between GCS and 
outcome that was consistent across a ll groups through age 
14. S peciἀc a ge-based r anges o f o ther p hysiological m ea-
sures were also identiἀed for high-risk children. Extending 
their previous work, Newgard et al. [113] later conducted a 
multisite assessment of the 2006 Guidelines in identifying 
seriously injured children and adults, ἀnding that the 2006 
Guidelines a ppeared t o h ave l ower s ensitivity b ut h igher 
speciἀcity i n b oth g roups t han t he p revious A merican 
College of Surgeons Field Triage Decision Scheme, particu-
larly among elders ≥55 years.

The most recent edition of the Guidelines for Field Triage 
of Injured Patients was published in 2012 by the CDC, again 
based on the recommendations of a National Expert Panel 
on F ield T riage m eeting i n 2 011. The r evised a lgorithm 
is s hown i n Figure 2 .2 [ 102]. The Guidelines w ere a gain 
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Measure vital signs and level of consciousness

Step One

Step Two

Step Three

Step Four

No

Yes

Yes

Yes

No

No

No

Transport according
to protocol†††

When in doubt, transport to a trauma center

Assess anatomy
of injury

Transport to a trauma
center.† Steps One and Two
attempt to identify the
most seriously injured
patients. These patients
should be transported
preferentially to the
highest level of care within
the defined trauma system.

Transport to a trauma
center, which, depending
upon the defined trauma
system, need not be the
highest-level trauma
center.

Transport to a trauma
center or hospital capable
of timely and thorough
evaluation and initial
management of potentially
serious injuries. Consider
consultation with medical
control.

Assess special patient or
system considerations

• Falls
   — Adults: >20 feet (one story is equal to 10 feet)
   — Children: >10 feet or two or three times the height of the child¶

• High-risk auto crash
   — Intrusion, including roof: >12 inches occupant site; >18 inches any site**
   — Ejection (partial or complete) from automobile
   — Death in same passenger compartment
   — Vehicle telemetry data consistent with a high risk of injury
• Auto vs. predestrian/bicyclist thrown, run over, or with significant (>20 mph) impact††

• Motorcycle crash >20 mph

• Older adults¶¶

   — Risk of injury/death increases after age 55 years
   — SBP <110 might represent shock after age 65 years
   — Low impact mechanisms ( e.g., ground-level falls) might result in severe injury
• Chidren
   — Should be triaged preferentially to pediatric capable trauma centers
 • Burns
   — Without other trauma mechanism: triage to burn facility***
   — With trauma mechanism: triage to trauma center***
• Pregnancy >20 weeks
• EMS provider judgment

Glasgow Coma Scale
Systolic blood pressure (mmHg)
Respiratory rate

˜1 3
<90 mmHg
<10 or >29 breaths per minute*
(<20 in infant aged <1 year),
or need for ventilatory support

• All penetrating injuries to head, neck, torso, and extremities proximal to elbow or knee
• Chest wall instability or deformity (e.g., flail chest)
• Two or more proximal long-bone fractures
• Crushed, degloved, mangled, or pulseless extremity
• Amputation proximal to wrist or ankle
• Pelvic fractures
• Open or depressed skull fracture
• Paralysis

Assess mechanism of
injury and evidence of

high-energy impact

Figure 2.2 Guidelines for field triage of injured patients—United States, 2011. The figure shows the revised field triage guidelines 
(previously termed the “field triage decision scheme”) developed in 2011 for use by emergency medical services (EMS) providers 
to determine the most appropriate destination hospital for injured patients. The guidelines have four steps: (1) assessing physi-
ologic criteria, (2) assessing anatomic criteria, (3) assessing mechanism-of-injury criteria, and (4) special considerations. Steps One 
and Two attempt to identify the most seriously injured patients. These patients should be transported preferentially to the highest 
level of care within the defined trauma system. For Step Three, persons meeting these criteria should be transported to a trauma 
center, which, depending upon the defined trauma system, need not be the highest level trauma center. Those meeting Step Four 
criteria should be transported to a trauma center or hospital capable of timely and thorough evaluation and initial management of 
potentially serious injuries, and consultation with EMS medical control should be considered. 
*The upper limit of respiratory rate in infants is >29 breaths per minute to maintain a higher level of overtriage for infants.
†Trauma centers are designated Levels I–IV. A Level I center has the greatest amount of resources and personnel for care of 
the injured patient and provides regional leadership in education, research, and prevention programs. A Level II facility offers 
similar resources to a Level I facility, possibly differing only in continuous availability of certain subspecialties or sufficient pre-
vention, education, and research activities for Level I designation; Level II facilities are not required to be resident or fellow 
education centers. A Level III center is capable of assessment, resuscitation, and emergency surgery, with severely injured 
patients being transferred to a Level I or II facility. A Level IV trauma center is capable of providing 24-hour physician cover-
age, resuscitation, and stabilization to injured patients before transfer to a facility that provides a higher level of trauma care.
§Any injury noted in Step Two or mechanism identified in Step Three triggers a “yes” response.
¶Age <15 years.
**Intrusion refers to interior compartment intrusion, as opposed to deformation which refers to exterior damage. 
††Includes pedestrians or bicyclists thrown or run over by a motor vehicle or those with estimated impact >20 mph with a 
motor vehicle.
 §§Local or regional protocols should be used to determine the most appropriate level of trauma center within the defined 
trauma system; need not be the highest level trauma center.
¶¶Age >55 years.
***Patients with both burns and concomitant trauma for whom the burn injury poses the greatest risk for morbidity and 
mortality should be transferred to a burn center. If the nonburn trauma presents a greater immediate risk, the patient may 
be stabilized in a trauma center and then transferred to a burn center.
†††Patients who do not meet any of the triage criteria in Steps One through Four should be transported to the most appro-
priate medical facility as outlined in local EMS protocols.
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modiἀed for children in only two ways: (1) under the ἀ rst 
step, the physiologic component, now entitled “measure vital 
signs and level of consciousness,” the lower limit of accept-
able R R s till remained i ncreased f rom <10 to < 20 breaths 
per minute f or infants; and ( 2) u nder the t hird step, t he 
mechanistic c omponent, n ow en titled “ assess m echanism 
of i njury a nd e vidence of h igh-energy i mpact,” the u pper 
limit of a cceptable fall height again r emained d ecreased 
from >20 to >10 feet or two to three times the height of the 
child. Moreover, it again stated, under the ἀnal step of the 
Guidelines, entitled “assess special patient or system consid-
erations,” t hat c hildren s hould b e t riaged preferentially to 
pediatric-capable trauma centers.

The appropriateness of the 2011 Guidelines w ith respect 
to pediatric patients is currently being studied by a research 
group based at the Medical College of Wisconsin with sup-
port from the federal EMSC Program. The evaluation of the 
accuracy of the first step of the Guidelines, t he ph ysiologic 
component, h as r ecently b een a ccepted f or p ublication.  
Similar analysis of the second step, the anatomic component, 
has recently been completed, and is expected to be published 
soon thereafter. However, to most accurately relate pediatric 
trauma triage guidelines to the need for specialty pediat-
ric t rauma c are, a nd provide a m ore u niform approach to 
future research efforts in pediatric trauma triage, the group 
has a lso d eveloped a c onsensus-based c riterion s tandard 
deἀnition f or t he e valuation o f p ediatric t rauma p atients 
who needed the highest level trauma team activation [114].

Elements of contemporary pediatric 
prehospital trauma care

Pediatric trauma resuscitation should begin as soon as possi-
ble after the injury occurs, ideally through pediatric-capable 
emergency m edical d ispatchers w ho p rovide p rearrival 
instructions to lay rescuers at the scene. It continues with the 
arrival of prehospital professionals, including ἀrst respond-
ers, emergency medical technicians (EMTs), and paramedics. 
Prehospital treatment protocols utilized by these emergency 
medical p ersonnel s hould b e c onservative y et p ermissive, 
emphasizing basic life support modalities such as supplemen-
tal oxygen a nd a ssisted ventilation v ia b ag a nd m ask, only 
providing advanced l ife support interventions such a s E TI 
and vo lume re suscitation w hen a ppropriate [115]. Pediatric 
prehospital t rauma c are em phasizes a ggressive s upport o f 
vital f unctions d uring w hat h as b een c alled t he “ platinum 
half hour” of early pediatric trauma care [116].

Pediatric trauma protocols utilized by emergency medi-
cal personnel begin with an analysis of scene safety, includ-
ing a s urvey for hazardous materials—and, i f t he s cene i s 
safe, continue with formation of a general impression of the 
urgency of t he p atient’s c ondition, utilizing t he “Pediatric 
Assessment T riangle” t o o btain a r apid e valuation o f t he 
patient’s Appearance, w ork o f Breathing, a nd Circulation 

to s kin [117,118]. P rehospital t rauma p rofessionals n ext 
proceed t o t he p rimary s urvey, o r i nitial a ssessment, o f 
the airway, breathing, circulation, and disabilities, with an 
emphasis o n d etection a nd m anagement o f n euroventila-
tory r ather t han h emodynamic a bnormalities, t he f ormer 
being some ἀve times more common than the latter [82] in 
pediatric trauma patients. The secondary survey, or focused 
history a nd d etailed p hysical e xamination, i s p erformed 
next—but is omitted entirely, or performed en route, if the 
patient is less than fully stable. Because of the need for spe-
cialized pediatric t rauma c are, i njured children should be 
transported to the nearest pediatric-capable trauma center, 
keeping the child warm.

Prehospital p rofessionals a re o ur “ prehospital p edi-
atric t rauma s urgeons” a nd m ust b e f ully t rained i n a ll 
aspects o f p rehospital p ediatric t rauma re suscitation 
if t hey a re to b e e ffective i n t his role. The National E MS 
Scope of Practice Model currently recognizes four prehos-
pital p rofessional l evels: (1) em ergency m edical r espond-
ers ( EMRs) c urrently r eceive 4 0–50 h ours o f t raining i n 
oxygen a dministration, u se o f a irway a djuncts, a ssisted 
ventilation v ia bag and mask, bleeding control, splinting, 
and immobilization, only 6 o f which hours are in pediat-
ric care [119]; (2) EMTs currently receive 110–120 hours of 
training, including all of the above, plus additional train-
ing i n l ifts, c arries, a nd a mbulance t ransport, only 10 of 
which hours are in pediatric care [120]; (3) advanced EMTs 
currently receive 180–200 hours of training, including all 
of the above, plus additional training in administration of 
medications d eemed v ital t o a dvanced l ife s upport [121]; 
and (4) paramedics currently receive 1000–1200 hours of 
training, including all of the above, plus additional train-
ing in ETI, needle cricothyroidotomy, needle decompres-
sion o f p robable t ension p neumothorax, a nd I V a nd I O 
access for volume resuscitation, only 20 of which hours are 
in pediatrics [122].

Prehospital p rofessionals, p reviously t aught u tilizing 
National Standard Curricula developed for each level of prac-
tice, which were periodically revised on an ad hoc basis, are 
currently being taught in accordance with the Instructional 
Guidelines c ited i n t he p receding p aragraph, b ased u pon 
National Emergency Medical Services Education Standards 
[123], c onsistent w ith t he r ecently u pdated EMS Education 
Agenda for the Future [124]. An “andragogical” versus a “ped-
agogical” approach is taken to teaching, based upon modern 
principles of adult education, and the “need to know” versus 
what might be “nice to know.” The curricula are, for the most 
part, “assessment based” rather than “diagnosis based,” and 
thereby focus on presenting problems rather t han u nderly-
ing illnesses and injuries. Pediatric educational modules 
follow u pon a dult e ducational m odules, t o a llow t he l im-
ited p ediatric c urricular h ours t o b e u sed m ost e fficiently, 
and s hould b e r egularly a nd g enerously s upplemented b y 
up-to-date c ontinuing t rauma e ducation p rograms s uch a s 
the Prehospital Trauma Life Support (PHTLS) Course of  the 
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National Association of Emergency Medical Technicians and 
the American College of Surgeons, as well as up-to-date con-
tinuing p ediatric e ducation programs s uch a s t he Pediatric 
Emergencies for Prehospital Professionals (PEPP) Course of 
the American Academy of Pediatrics [125,126].

Pediatric e quipment i s m andatory f or t he s uccessful 
resuscitation of c ritically i njured c hildren i n t he prehos-
pital s etting. M inimum standards f or pediatric e quip-
ment i n a mbulances a t b oth t he b asic l ife s upport a nd 
advanced l ife s upport l evels h ave b een p ublished b y t he 
American Academy of Pediatrics, the American College of 
Emergency Physicians, the American College of Surgeons 
Committee o n T rauma, t he F ederal E mergency M edical 
Services f or C hildren P rogram, t he E mergency N urses 
Association, the National Association of EMS Physicians, 
and t he N ational A ssociation o f S tate E MS O fficials, a s 
summarized i n Table 2 .5 [ 13]. A lthough m edications 
required b y c hildren d iffer little f rom t hose n eeded b y 
adults, drug dosages, for the most part, are determined on 
the basis of size. The use of color-coded tapes that key drug  

doses and equipment selection to body length has proved 
effective i n t he ἀe ld a nd i s n ow s tandard e quipment i n 
most agencies [127], a lthough their accuracy has recently 
been q uestioned [128,129] a nd a lternative m ethods p ro-
posed [130–132].

Pediatric interfacility transport is a key component of 
pediatric t rauma c are, a nd m any p ediatric c omprehen-
sive c are c enters h ave e stablished s pecialized t eams f or 
interfacility transport of critically ill and injured patients 
for t his p urpose. H owever, p ediatric i nterfacility t rans-
port i s n ot r isk f ree, a s a dverse e vents s uch a s p lugged 
endotracheal t ubes a nd l oss o f v ascular a ccess o ccur a t 
nearly t wice t he r ate during i nterfacility t ransport a s i n 
the pediatric intensive care u nit, a nd 10 t imes more f re-
quently with nonspecialized teams than with specialized 
teams [133,134]. At a minimum, transport providers must 
be c apable o f c ritical p ediatric a ssessment a nd m oni-
toring, a nd m ust b e h ighly s killed i n t he t echniques o f 
pediatric E TI a nd v ascular a ccess, a s w ell a s fluid a nd 
drug administration in critically i ll and injured children 
[135,136]. W henever p ossible, i nterfacility t ransport o f 
such patients should be conducted by specialized pediat-
ric transport teams staffed by physicians and nurses with 
special t raining i n p ediatric c ritical c are t reatment a nd 
transport [137,138].

Pediatric ambulance patient t ransport i nvolves both a 
different purpose and a d ifferent environment than pedi-
atric a utomobile p assenger t ransport. The a mbulance 
patient compartment i s open a nd large, contains numer-
ous h eavy p ieces o f e quipment, a nd c arries r estrained 
patients a nd p assengers a nd u nrestrained p roviders i n 
a w ide v ariety o f p laces a nd p ositions. H owever, i n c on-
trast to automobile passenger safety, formal standards are 
not yet developed regarding a mbulance occupant protec-
tion. This unfortunate situation obtains despite the docu-
mented lethal hazards of ambulance crashes, which are 10 
times more common per passenger mile than automobile 
crashes [139].

Pediatric a mbulance p atient t ransport, t hough i nher-
ently unsafe, can be made less hazardous through use of 
safe d riving p ractices a nd e ffective r estraint o f p atients, 
passengers, p roviders, and equipment. Unfortunately, 
many commercially available restraint devices are ineffec-
tive, but a re not k nown to b e s o b ecause t hey h ave b een 
subjected o nly t o s tatic t esting a t t he l aboratory b ench 
rather than dynamic testing in a moving ambulance [140]. 
Fortunately, recent evidence suggests that safe restraint of 
a child occupant can be achieved through the use of a child 
safety seat when secured to the ambulance stretcher using 
two standard ambulance gurney belts [141]. Yet, the most 
important step in ensuring safe transport of ill or injured 
pediatric p atients i s t o en sure t hat a ll p ersonnel, m ost 
especially a mbulance d rivers, r egularly f ollow t he D o’s 
and Don’ts recently issued by the NHTSA and the EMSC, 
as shown in Table 2.6 [142].

Table 2.5 Minimum standards for pediatric equipment in 
ambulances

Minimum standards for pediatric equipment in basic 
life support (BLS) ambulances

Pediatric stethoscope, infant/child attachments
Pediatric blood pressure cuffs, infant/child sizes
Disposable humidifier(s)
Pediatric simple/nonrebreathing oxygen masks, all sizes
Pediatric face masks, all sizes
Pediatric bag-valve devices, infant/child sizes
Pediatric airway adjuncts, all sizes
Pediatric suction catheters, all sizes
Pediatric Yankauer device
Pediatric extrication collars, all sizes
Pediatric extrication equipment (including infant car seat)
Pediatric limb splints, all sizes
Minimum standards for pediatric equipment in 

advanced life support (ALS) ambulances
All of the above, plus . . .
Pediatric endotracheal tubes, all sizes
Pediatric stylets, all sizes
Pediatric laryngoscope blades, all sizes
Pediatric Magill (Rovenstein) forceps
Pediatric intravenous catheters, all sizes
Pediatric intraosseous needles, all sizes
Pediatric nasogastric tubes, all sizes
Pediatric ECG electrodes
Pediatric defibrillator paddles, infant/child sizes
Pediatric dosage-packed medications/fluids
Pediatric dosage/volume wall chart
Mini-drip intravenous infusion sets
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SUMMARY 

Organizing the community for pediatric trauma not 
only s pecialized k nowledge o f t he e valuation a nd 
management o f c hildhood i njury, i ncluding p ediat-
ric injury prevention and EMS for children, but also 
unwavering commitment to ensure that the special-
ized needs of injured children are met at every level 
of system organization. Mature understanding of the 
trauma system as a public good and practiced appli-
cation of the interpersonal and organizational skills 
necessary to lead and manage complex undertakings 
are a lso mandatory for the trauma professional who 
seeks t o i nfluence t he p rovision o f c are i n a g iven 
region. While the principles of pediatric trauma and 
EMS system design may be simple, they are not always 
easy to implement without a clear understanding that 
pediatric trauma care is a truly collaborative venture 
which requires the coordination of numerous profes-
sionals and services f rom many different disciplines 
and agencies, all of which have a stake in the care of 
the injured child.

The b eneἀts t o t he c ommunity t hat c hooses t o 
organize i tself f or p ediatric t rauma c are a re s elf-
evident, e ven—perhaps e specially—to t hose w ith 
whom the system itself may not interact or interface 
on a r egular b asis. F or e xample, c ivic a nd b usiness 

leaders h ave a m ajor s take i n t he d evelopment a nd 
support o f t he c ommunity p ediatric t rauma s ys-
tem. C hildhood i njuries c ost t ime a nd m oney, n ot 
only f rom t he i nvolved f amilies, b ut a lso f rom t heir 
employers a nd t heir i nsurance c ompanies. There i s 
ample ground to make common cause with such com-
munity partners, for whom the well-being of children 
is clearly no less important than to public health and 
trauma care professionals. Indeed, it is the one health 
care beneἀt on which all agree—the need for systems 
and services that keep children healthy.

Table 2.6 The Do’s and Don’ts of transporting children in 
an ambulance

Do’s
DO drive cautiously at safe speeds observing traffic laws.
DO tightly secure all monitoring devices and other 

equipment.
DO ensure available restraint systems are used by EMTs 

and other occupants, including the patient.
DO transport children who are not patients, properly 

restrained, in an alternate passenger vehicle, whenever 
possible.

DO encourage utilization of the DOT NHTSA Emergency 
Vehicle Operator Course (EVOC), National Standard 
Curriculum.

Don’ts
DO NOT drive at unsafe high speeds with rapid 

acceleration, decelerations, and turns.
DO NOT leave monitoring devices and other equipment 

unsecured in moving EMS vehicles.
DO NOT allow parents, caregivers, EMTs, or other 

passengers to be unrestrained during transport.
DO NOT have the child/infant held in the parent’s, 

caregiver’s, or EMT’s arms or lap during transport.
DO NOT allow emergency vehicles to be operated by 

persons who have not completed the DOT EVOC or 
equivalent.
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Disaster planning and mass casualties

JESSICA ZAGORY, AARON JENSEN, and JEFFREY S. UPPERMAN

Introduction

Recent d isasters a nd m ass c asualty e vents, b oth n atural 
and man-made, have highlighted the need for both hospi-
tals and communities to prepare for a surge in casualties. 
ἀ e u npredictability o f m any c rises a nd t he s ubsequent 
stress on the system make disaster planning difficult and 
expensive. A lthough em ergency p lanning a gencies a nd 
strategies are in place to respond to mass casualties across 
the United States, problems a re usually local or regional 
and t he s pecific n eeds o f c hildren a re o ften o verlooked. 
Children add variability to all plans because they  present 
a variety of a ges, p hysiology, p sychology, and d isabili-
ties that are challenging to account for in most plans. In 
recent c rises, c hildren p resented u nique v ulnerabilities 
that caused many leaders to pause and consider children 
in broader emergency planning strategies and tactics. In 
this c hapter, we focus on t he c hanging demographics of 
disasters, unique challenges for pediatric patients, and the 
ongoing needs for children before, during, a nd a fter t he 
catastrophic event.

Recent events highlight need for planning

Man-made and natural disasters are difficult to predict and 
large i n s cope. ἀ ey o ften o verwhelm t he c apacity o f t he 
response s ystem d espite p revious p lanning. I t i s c ommon 
for j urisdictions t o d etermine t heir h azard v ulnerability 
and use this analysis as a guide for system-wide emergency 

planning. R ecent global m ass casualty e vents such as t he 
Indian O cean t sunami ( 2004), H urricane K atrina ( 2005), 
the e arthquakes i n C hina ( 2008) a nd Ha iti ( 2010), a nd 
Superstorm S andy (2012); man-made e vents i ncluding t he 
9/11 terrorist attacks (2001), the wars in Iraq, Afghanistan, 
and t he c ivil war i n Syria, multiple mass shootings i n t he 
United States as well as the terrorist attacks in Paris (2015); 
and disease pandemics such as the H1N1 influenza (2009) 
and Ebola outbreaks (2014) provide ample evidence for how 
vulnerable modern and less developed societies are and why 
systems need to be fortified for such mass impact events that 
will eventually impact your region. Each of these disasters 
has involved significant numbers of pediatric survivors and 
highlights t he n eed for s pecial consideration for p ediatric 
disaster preparedness.

We and others have shown in recent publications that 
outcomes are improved when disaster planning incorpo-
rates the needs of the pediatric population [1–3]. Children 
are a vulnerable population during disasters due to a mul-
titude o f f actors, en compassing t he entire t imeline f rom 
preparation pre-event to recovery after t he d isaster  [4]. 
Children may not be able to seek shelter or evacuate from 
an a rea o f d anger b efore t he o nset o f t he d isaster, o r t o 
identify themselves or their caregivers. ἀ ey may be unable 
to c ommunicate v erbally b ecause o f t heir y oung a ge o r 
developmental d elay. ἀ ey m ay s how r egression b ehav-
iors d ue t o c onfusion f rom c haos a nd m ay s uffer severe 
anxiety a nd posttraumatic s tress due to t he t rauma. ἀ e 
incorporation of  behavioral health professionals, such a s 
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psychologists, psychiatrists, and child life specialists, can 
help address the psychosocial needs of children and their 
families d uring p andemics. R ecent m ass c asualties s uch 
as Hurricane Katrina and Superstorm Sandy, where many 
children were displaced or separated from their families, 
to school shootings such as Sandy Hook have highlighted 
the i mportance o f p ediatric d isaster b ehavioral h ealth 
needs [5]. A lthough t he recommendations f rom national 
organizations are varied, five guiding principles set forth 
by t he a uthors o f R eference [5] s hould b e c onsidered i n 
facilitating a b ehavioral health response for children and 
families during a disaster: (1) employ the language of resil-
ience t o p revent a dverse o utcomes w hen a n i ndividual’s 
capacity t o c ope h as b een o verwhelmed a nd f unctional 
impairment i s e vident; (2) describe responses, roles, a nd 
responsibilities f or b ehavioral h ealth p rofessionals i n 
context of the type of disaster, and develop, nurture, and 
maintain r elationships w ith p ublic h ealth p rofessionals 
as p art o f d isaster p reparedness; (3) p romote i nterdisci-
plinary coordination a nd collaboration during planning; 
(4) p rovide f ocused g uidance o n p ediatric p reparedness 
and r esponse; a nd ( 5) f acilitate p rofessional a wareness 
and k nowledge t hrough e vidence-informed practices for 
effective p sychosocial a ssessment, p revention, a nd i nter-
vention. E fforts t o c ollaborate a mong b ehavioral h ealth 
professionals a nd em ergency r esponders a nd a f ocus o n 
building resilience and ensuring consistency in planning 
and e ducation w ill i mprove b ehavioral d isaster response 
and minimize persistent negative outcomes.

From a n a natomic a nd p hysiologic s tandpoint, c hil-
dren are often shorter, placing them closer to the ground 
where many noxious inhalational substances settle; their 
increased m etabolism l eads t o a n i ncreased r espiratory 
rate and d istribution of toxic substances to t heir t issues. 
ἀ eir surface-to-volume ratio is increased thus putting 
them at risk for greater exposure to chemicals and radia-
tion a s w ell a s d ehydration d ue t o e xposure a nd fluid 
loss s uch a s d iarrhea. B ody t emperature r egulation i s 
also d ifficult d ue t o t he l arger s urface a rea. F inally, t he 
close  proximity o f i nternal o rgans a natomically l eads 
to  increased m ultisystem o rgan i nvolvement d uring a  
blast or penetrating injury [4,6–12]. Being aware of the 
specific needs of the child instead of the expectation that 
children should receive the same care as adults will allow 
systems to effectively triage and manage resource utiliza-
tion [13–16].

Changing demographics

Children make up approximately 25% of the U.S. popula-
tion [ 6,17]. O verseas, e specially i n d eveloping c ountries, 
this p ercentage i s e ven h igher [18,19]. S outheast A sia, i n 
particular, is home to 600 million inhabitants. It is char-
acterized by diverse political, religious, ethnic, racial, and 
economic nations. Children are often at increased r isk of 
exposure to both man-made and natural disasters [20]. As 

a g eographic a rea f amiliar w ith e xtreme w eather, s ome 
estimate that there are now 63.8 million people at r isk of 
exposure to flooding i n S outheast A sia, a figure t hat h as 
more than doubled in the past 40 years. Geographic areas 
projected t o b e a ffected b y t he s ea-level r ise a nd s torm 
surge include Bangkok, Jakarta, Manila, Yangon, and Ho 
Chi M inh Ci ty. To c ompound t he s ituation, 4 4% o f t he 
region’s population, or 221 million people, l ive below t he 
$2 per day poverty line. Many of these inhabitants at risk 
are children [21].

In t he 2 010 e arthquake t hat d evastated Ha iti, 5 3% o f 
patients f rom tent c amps i n Port-Au-Prince were younger 
than 20 years old [22]. In a country where 45% of the popula-
tion is in the pediatric age group, a comprehensive response 
including pediatric-specific care was paramount. However, 
many d eveloping c ountries a re p lagued w ith i nadequate 
infrastructure, therefore making state-of-the-art t rauma 
care v irtually i mpossible [20,21,23–25]. ἀ e e stablishment 
of a n ational t rauma s ystem h as b een a t t he f orefront f or 
Haiti p ostearthquake i n o rder t o a ddress o ne o f i ts m ost 
critical public health problems [26,27].

In t he U nited S tates, c hildren h ave b een i nvolved i n 
recent m ass c asualty e vents, a nd s ome, s uch a s s chool 
shootings, h ave s pecifically t argeted c hildren. O f t he 168 
casualties s uffered i n t he 1 995 O klahoma Ci ty b ombing, 
11.3% were children [11]. I n t he B oston Marathon bomb-
ings, there were 10 children under 15 years old transported 
to L evel I t rauma c enters, a nd one c hild mortality [ 28]. 
Boston, a c ity w ith four pediatric Level 1 t rauma centers, 
was a ble t o e fficiently triage a nd t ransport c hildren t o 
appropriate centers. However, if a natural disaster such as a 
high-magnitude earthquake struck Los Angeles, resources 
would b e s tretched. L os A ngeles C ounty i s a v ast m etro-
politan a rea t hat i ncludes t he c ity o f L os A ngeles a nd 8 7 
other i ncorporated cities, w ith a n e stimated p ediatric 
population of 2 .5 million [29]. A consortium of s tate a nd 
federal a gencies s ponsored a v olunteer e arthquake d rill 
entitled The Great California ShakeOut, w hich s imulated 
a 7.8- magnitude e arthquake t hat o ccurred o n N ovember 
13, 2 008 a t 10 A M. S imulated i n t his s cenario were 1800 
deaths, 50,000 i njuries, a nd $200 billion i n damages. ἀ e 
drill p ut t he 14 d isaster r esource c enters i n L os A ngeles 
County t o t he t est. B alasuriya e t a l. s pecifically e xam-
ined t he i ntegration o f p ediatric d isaster p reparation at  
these disaster resource centers and found that few centers 
included children as mock v ictims, and l ittle or no atten-
tion was focused on pediatric triage, clinical, psychosocial, 
or resource issues [29]. Furthermore, although data are 
limited, pediatric t rauma centers (PTC) have more resus-
citation, treatment, and bed resources dedicated to pediat-
ric survivors and are more familiar with the psychological 
and d evelopmental n eeds o f c hildren [ 2]. O ne c an i nfer 
that outcomes would be improved if children were triaged 
to a PTC during a mass casualty event; therefore, the pres-
ence and availability of a PTC in a disaster surge should be 
included in the preparation for such events.
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Importance of pediatric disaster 
preparedness

ἀ ere a re m any a natomic, p hysiologic, p sychological, a nd 
developmental differences in children compared with adults 
that make them more vulnerable during a disaster [30–32]. 
Furthermore, most trauma systems are designed for adults, 
with limited pediatric-specific personnel and equipment [2].

Anatomy and physiology

Children h ave p roportionately l arger o rgans t hat a re l ess 
protected and more exposed to external forces than in adults. 
ἀ e developing child’s cartilaginous ribs do not confer the 
same d egree o f protection t o t horacic a nd upper a bdomi-
nal v iscera a s t hey d o i n t he a dult t horax. I n t he t rauma 
literature, it is reported that children are more likely to suf-
fer from multiorgan injury than adults due to this anatomic 
difference [33,34]. Additionally, children have proportion-
ately l arger h eads, w hich p uts t hem a t i ncreased r isk f or 
head i njury a nd i ncreased m ortality [35]. P hysiologically, 
children are at increased risk for a multitude of reasons. In 
younger c hildren, t here i s a n i ncreased s urface-to-volume 
ratio that not only makes it difficult to maintain body tem-
perature and fluid status during times of exposure, but also 
contributes to a n i mpaired barrier defense. ἀ e i mmature 
skin barrier of the child increases permeability, putting the 
child a t r isk f or g reater a bsorbance o f c hemical a nd b io-
logic t oxins [6,36]. F urthermore, t he i ncreased m etabolic 
rate l eads t o a n i ncreased r espiratory r ate, a llowing f or a 
more rapid inhalation of toxins and faster body distribu-
tion due to the increased heart rate [4]. Drug metabolism is 
altered, so knowledge of how to administer lifesaving fluid 
resuscitation a nd m edication i s e ssential. S ince y ounger 
children a re s maller, t he a vailability o f a nd k nowledge o f 
how to choose appropriately sized equipment are necessary. 
Previous  studies have demonstrated t hat many emergency 
personnel a re u nfamiliar w ith p ediatric e quipment a vail-
ability and lack of knowledge required for its proper use 
[12,37,38]. Emergency and hospital personnel should incor-
porate mass pediatric casualty care and equipment in pre-
paring for future events.

Maturational development

Child h ealth c are i ncludes n eonates t o t eenagers, w ith a 
wide variability in size, physiology, and psychology at each 
developmental stage. For instance, young children are often 
nonverbal during a crisis, thus making them poor communi-
cators of vital information such as their identity, caregiver’s 
identity, or the location of their injuries [39]. Children may 
also be non- or minimally verbal due to developmental delay 
or fear, i ncreasing t he c ommunication gaps w ith p atients. 
Children and families with limited English proficiency are 
at i ncreased v ulnerability d ue t o t he c hallenges t hey f ace 
trying t o c ommunicate i dentification o r n eeds d uring a 

disaster [40]. Furthermore, children may be unable to rec-
ognize disaster, lack the cognitive ability to escape, and may 
even move toward areas of danger due to curiosity [4]. Even 
after the resolution of the immediate threat, young children 
must rely on others for hydration, nutrition, and naviga-
tion toward a safe environment and reunification with their 
families. ἀ e involvement of behavioral health professionals 
is important in coordinating reunification efforts as well as 
addressing the emotional and behavioral needs of the child 
during a disaster [5,41]. During Hurricane Katrina, families 
were e vacuated a nd s ubsequently s eparated u rgently a nd 
over great distances across state l ines [41]. Efforts at better 
organization and guidelines to expedite and streamline the 
process have been subsequently put forth [39,41–43].

Children with special health care needs

Children with disabilities and special needs are particularly 
vulnerable, as they require greater emotional, behavioral, or 
physical assistance in surviving during a disaster. It is esti-
mated that 15%–20% of American households have a child 
with special health care needs, which calculates to over 11 
million c hildren [ 44]. C hildren w ith s pecial h ealth c are 
needs are defined by t he American Academy of Pediatrics 
as “ those w ho h ave o r a re a t i ncreased r isk f or a c hronic 
physical, d evelopmental, b ehavioral, o r em otional c ondi-
tion a nd who a lso require health a nd related services of a 
type or amount beyond that required by children generally” 
[40]. Families of c hildren with s pecial n eeds feel t hey are 
underprepared t o m eet t he c hild’s n eeds d uring a d isas-
ter a nd r equire g reater e ducation a nd o utreach [ 44–46]. 
In a s urvey a nd focus group involving parents of children 
who are f ollowed i n an I ntestinal Rehabilitation Clinic, 
it was found t hat none of the families had a c ommunica-
tion plan in place in the event of a disaster; 69% lacked an 
emergency s upply k it; a nd 9 3% d id n ot h ave a c linician-
completed emergency information form. However, 71% had 
a backup electricity source a nd 79% had backup nutrition 
for their child, although concerns were raised for paren-
teral nutrition, which is specially formulated and typically 
has a refrigerated shelf life of 9 days. ἀ is is shortened to 24 
hours, once supplementation is injected into the bag [47]. It 
appears families of children with special health care needs 
are g enerally u nprepared f or d isaster, a nd physicians c ar-
ing for these chronic patients should educate their families 
about disaster preparedness and develop support programs 
to assist in their preparation.

Value of PTCs during mass casualty 
incidents

Where children should be transported to during a mass 
casualty or d isaster s ituation remains debated. P TCs have 
a range of pediatric subspecialty personnel and equipment 
readily available; however, they are fewer and more regional-
ized than adult trauma centers [2,3,48]. Although previous 
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publications have shown t hat children who are brought to 
adult t rauma c enters h ave a cceptable s urvival o utcomes, 
especially if they are triaged to a Level I or II trauma center, 
other studies have shown t hat pediatric patients who have 
suffered blunt trauma do better at a PTC [49–53].

Ochoa e t a l. [ 54] r eviewed t he c urrent e vidence com-
paring outcomes for pediatric trauma treated at adult ver-
sus children’s hospitals. Although t heir review was unable 
to conclude whether injured children should be t reated at 
a c hildren’s hospital or a n adult hospital w ith a d edicated 
pediatric unit, it suggested that there might be disparities in 
current pediatric trauma care. ἀ ey found that most injured 
children are treated at adult hospitals; injured children who 
are treated at a children’s hospital had improved overall out-
comes and survival, including some studies which showed 
this i n s everely i njured c hildren. C hildren t reated a t a 
trauma center did better than those treated at a nontrauma 
center or a nonverified PTC, and injured children treated at 
a PTC may have improved survival and functional outcome 
[54]. However, t hey p oint t o t he s maller number o f P TCs 
and reinforce previous recommendations on the impor-
tance of e ducating a dult t rauma s urgeons on t he nuances 
of pediatric trauma care. Ongoing studies and prospective 
data banks should continue to shed light on this topic.

ἀ e role of a PTC can vary depending on the scale and 
location of the disaster. When the attack or disaster occurs 
in t he a rea o f t he P TC, P TC p ersonnel m ay b e c alled o n 
to triage and treat the patients, working closely with adult 
trauma centers in the area to transport critically ill children 
to the PTC. In theory, PTC physicians would need to trans-
fer out less critically ill patients to regional or community 
hospitals t o a ccommodate t he s urge i n c ritically i njured 
victims [2]. H owever, i n an e vent t hat t he d isaster s trikes 
far from the PTC, clinicians and emergency planners at the 
PTC may be involved in transport coordination, accepting 
both v ictims of t he d isaster a s well a s other i npatients, or 
providing pediatric-specific expertise remotely. It is possible 
that resources near the disaster may be devastated, as would 
be the case in a large-scale earthquake, hurricane, or in war 
zones. ἀ is would require transport of severely injured chil-
dren to the closest trauma center, adult or pediatric.

Technology i s a v aluable t ool t hat a P TC w ith d isaster 
assist capabilities may use to help those at the disaster epi-
center. I n a s ystematic r eview, B urke e t a l. s uggested t hat 
since most hospitals in the United States have wireless 
capabilities t hey c ould b e f unctional f or a d isaster m edi-
cal response, i ncluding portable handheld devices such a s 
cellular phones. Cell phones are not only valuable for com-
munication, but also provide opportunities for situational 
awareness w ith t heir b uilt-in g eopositioning c apabilities 
[55]. Furthermore, digital technology can be a valuable tool 
to capture images of the disaster environment or to track 
children a t t riage p oints o r a s t hey en ter h ospitals. R apid 
identification of children w ill f acilitate r apid reunification 
with families [39]. Finally, informatics can be utilized to dis-
tribute d isaster preparation information, either v ia text or 
video, and aid in simulation such as predicting a surge using 

geospatial t echnology [ 4,56]. M aximizing t hese r esources 
will greatly enhance care for children during a disaster.

In a pilot study, Barthel et al. [2] described a population 
kinetics approach that personnel at a P TC may use to esti-
mate t he effect of availability on admission a nd d ischarge 
rates. In this process model, the first important rate affect-
ing the ability for a PTC to treat pediatric patients is the rate 
of discharging previously admitted patients, as well as those 
who are not critically injured and can be triaged elsewhere 
[3]. To accommodate the entire surge population, it is imper-
ative that the clinicians at the PTC efficiently admit and dis-
charge patients until the PTC is full. ἀ e authors found that 
the availability of a PTC decreased the time needed to triage 
or admit the entire pediatric surge population. Using data 
from the Israeli Defense Forces field hospital that responded 
to the Haiti earthquake of 2010, the authors calculated that 
the presence of a PTC would allow for a significant increase 
in overall admission r ate, reduce t he t ime to t reatment i n 
half, and decrease the time to completely treat a ll children 
by more than a third. Importantly, according to their model, 
the availability of a PTC was calculated to result in a relative 
mortality r isk reduction of 37%. ἀ e inclusion of PTCs in 
disaster planning will have significantly positive effects on 
triage, treatment, and outcomes.

Because hospital capacities may become critically insuf-
ficient d uring s urge s ituations, t he s ystem o f “ reverse t ri-
age” t o t ransfer o r d ischarge n oncritically i ll p atients h as 
been developed in adult hospitals. However, its application 
in p ediatric s urge c apacity h as n ot b een s tudied. D uring 
Superstorm Sandy, the Neonatal Intensive Care Unit at New 
York University L angone M edical C enter r equired e vacu-
ation due to a p ower outage secondary to t he storm. ἀ ey 
were a ble t o s afely t ransport 2 1 n eonates t o s urrounding 
receiving h ospitals o ver a 4 .5-hour p eriod; h owever, t hey 
retrospectively r eviewed t heir e xperience a nd f ound t hat 
there were s everal c hallenges w ith t he transport o f vul-
nerable neonates [57]. ἀ ey report t hat e stablishment of a 
command s tructure, b ackup p ersonnel, m ethods o f c om-
munication, m edical i nformation, a nd e quipment i nclud-
ing n eonatal t ransport r esources, s ituational a wareness, 
regional c oordination, flexibility, a nd s pecial a ttention t o 
the needs of families were of utmost importance. Kelen et al. 
used a m odified-Delphi c onsensus model t o a gree upon a 
five-category risk-based disposition classification system for 
reverse triage and identification of patients deemed safe for 
early discharge during surge events [58]. Further research is 
needed in this area of disaster science.

Preparation for responders and hospitals

Although most disasters are difficult to predict and to pre-
pare for, responder education and regular drills are neces-
sary to minimize t he postdisaster impact on a h ealth care 
system and t he local p opulation. Because m any providers 
will be asked to respond outside their normal scope of prac-
tice, s uch a s a dult s urgeons o r h ospitals t reating c hildren 
and g eneral p ediatricians t riaging c ritically i ll p atients, 
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education must be at the forefront of disaster preparedness. 
Tegtmeyer e t a l. d escribed t wo a pproaches t o e ducation 
for p ediatric em ergency m ass c ritical c are e vents: t rain-
ing i n a dvance a nd just-in-time t raining [59]. Training i n 
advance i s t ypically g iven t o a p reselected o r s elf-selected 
group of providers w ho m ay b e c alled on t o respond t o a 
mass casualty disaster. It is more detailed, allowing for more 
discussion, and covers more comprehensive, broad subjects. 
ἀ ere is typically ample time for simulation or other hands-
on t raining i ncluding t he a cquirement of n ew p rocedural 
skill s ets. A n e xample i s t he a nnual D isaster O lympix a t 
Children’s H ospital L os A ngeles, w here a f ull-day e duca-
tion and team competition event targets six areas of disaster 
preparedness through disaster simulation: (1) disease iden-
tification, (2) human-waste management, (3) alternate care, 
(4) decontamination, (5) patient evacuation, and (6) Disaster 
Jeopardy! [ 60]. S uch a n e xercise t argets r egular h ospital 
workers f rom m ultidisciplinary b ackgrounds, c oordinates 
with em ergency r esponse p ersonnel s uch a s firefighters 
from t he s urrounding c ommunity, a nd i ncorporates local 
elementary school students as simulation participants, but 
also e ducates t he c hildren o n d isaster p reparedness. ἀ e 
main w eakness o f t raining i n a dvance i s t he i nability t o 
reach a wider audience due to time and space constraints.

Since many crises are not predictable, just-in-time train-
ing may be a realistic alternative for many centers. Just- in-
time training takes place immediately prior to an event or as 
needed as a crisis is unfolding. ἀ e training targets person-
nel who have an acute need for mass casualty knowledge for 
care or management purposes [59]. It is typically delivered 
in a concise fashion and often by web- or computer-based, 
self-directed learning. A lthough t his t echnique i s e fficient 
in reaching those who are responding to the disaster event, 
its disadvantages are many. It requires affected providers to 
have some basic knowledge. ἀ e training is less interactive 
because it is focused on the problem at hand with obvious 
time c onstraints s ince t he s taff must a ttend t o t he i mme-
diate needs of t heir p atients a nd new c asualties. Neither 
approach is adequate when practiced alone.

Training i n a dvance c an c over m ore m aterial d ue t o 
more t ime, but many practitioners forget the material and 
fail to retain all the information due to the lack of perceived 
immediate need for t he information. Just-in-time t raining 
is often hurried, superficial, and requires prior planning 
and access to educational resources. ἀ e two approaches in 
conjunction with a disaster simulation may be ideal for edu-
cating providers taking part in an exercise, since real-time 
evaluation of the organization’s response to a disaster is a 
direct test of the training [61].

Although personnel training is crucial to ensuring an 
adequate r esponse d uring a m ass c asualty e vent, h aving 
adequate r esources a nd t he k nowledge t o p roperly u ti-
lize t hem to t reat d isaster patients i s of equal importance. 
ἀ erefore, the ability to test both a hospital’s personnel and 
resource response is critical. For example, an exercise simu-
lating m ass r espiratory c asualties w ill p otentially e xpose 
weaknesses in resource availability and allocation since one 

cannot i ntubate m ore c hildren t han t here a re c apabilities 
to mechanically ventilate them. Similarly, other equipment 
such as cervical collars, orthopedic splints, and chest tubes 
that are commonly used during trauma resuscitations come 
in child-specific sizes that should be stocked in anticipation 
of a mass casualty event.

During a d isaster response, supplies for p ediatric c riti-
cal c are b ecome s carce a s m aximal s urge c apacities a re 
reached. ἀ e immediate and large-scale burden on a hospi-
tal’s supply can quickly overwhelm even a prepared facility. 
Additionally, depending on t he d isaster and damage done 
to infrastructure, transport of materials from one hospital 
to another for resource sharing may be hindered. Disaster 
planners and strategists recommend that hospitals maintain 
triple t he usual pediatric intensive care unit capacity for a 
sustained period of at least 10 days [62]. Specific recommen-
dations for size-specific pediatric mass critical care equip-
ment a re presented i n t he B ohn p ublication. I mportantly, 
hospital s upply c hain r ental p ractices from r emote or 
regional l ocations m ay n ot b e d ependable i n t he e arly 
phases of a r esponse to a m ass casualty surge and damage 
to civil infrastructure. ἀ erefore, children and adults may 
draw from t he s ame c ritical i nventory a nd planners must 
account for sufficient resources to address casualty needs of 
the entire population. Second, items must be listed in excess 
of one per bed space due to expectations that more than one 
patient w ill u se t he b ed s pace d uring a 1 0-day p eriod, o r 
patients may require replacements of the item. Finally, plan-
ning for p ediatric e quipment needs i s c omplex due to t he 
range in sizes of age- and weight-specific equipment as pre-
viously discussed. ἀ e task force recommends at minimum 
to plan for a surge of critically ill pediatric patients to reflect 
ordinary pediatric intensive care activity [62].

The role of the pediatric surgeon

ἀ e pediatric surgeon i s aptly t rained i n t he c are of chil-
dren, trauma, and critical care; therefore, he or she should 
be intimately involved in the planning for disaster events. 
ἀ e pediatric surgeon is intimately familiar with pediatric 
surgical physiology, age-specific developmental and physi-
ologic complexities, and finally, complex traumatic injury. 
However, in preparation for disasters, it is important to delin-
eate roles as per the incident command system. ἀ erefore, 
many s urgeons s till n eed t raining i n d isaster p repared-
ness and incident command practices. Chokshi et al. con-
ducted a survey among members of the American Pediatric 
Surgical A ssociation a nd f ound t hat m ost p ediatric s ur-
geons felt responsible for assisting in a disaster, but few felt 
prepared t o r espond [37]. F urthermore, a mong c hildren’s 
hospitals s urveyed b y t he D isaster R esponse T ask F orce 
in October 2011, there was little standardization among 
the respondents i n t heir approach to d isaster preparation 
[63]. A lthough t he r espondents r eported t hat 7 0% h ad 
a s tructure i n p lace t o p lan f or a d isaster, m any felt t hey 
were b etter p repared f or s mall-scale l ocal e vents r ather 
than large-scale regional or national events. Nevertheless, 
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pediatric s urgeons m ust b e a t t he t able w hen e xamining 
advancements and making plans for catastrophic disasters 
in the United States and abroad.

Finally, p ediatric s urgeons s hould c oordinate w ith 
subspecialists a t t he P TC a nd p ediatricians i n t he c om-
munity. ἀ e d ialogue s hould i nclude h ow c ommunity 
physicians c an a ugment h ospital-based r esponses a nd 
how pediatricians can assist patients with special needs 
when t heir t ertiary c are p ediatric c enter i s u navailable 
for services in t he event of a c atastrophic d isaster event. 
Surgeons will be key in coordinating with pediatric inten-
sivists, neurosurgeons, otolaryngologists, orthopedic sur-
geons, urologists, and emergency physicians similar to the 
collaboration that is expected during trauma activations. 
Advance c oordination w ith t he p ediatricians, e specially 
those in the community, is underutilized. ἀ ese primary 
care p ractitioners h ave r egular c ontact w ith c hildren 
and t heir families a nd c an educate a nd prepare families 
for d isasters. ἀ ey may be a t rusted resource for health-
related i nformation s uch a s c ounsel d uring a p andemic 
[6,64–66]. Furthermore, community physicians can eval-
uate and triage patients during a disaster, thus decreasing 
the burden on hospital emergency rooms. ἀ e establish-
ment of outpatient disaster triage centers in satellite loca-
tions d uring a d isaster t hrough t elephone o r i n-person 
triage or t reatment w ill provide c apacity. ἀ e offloading 

of minor casualties will enhance access at tertiary care 
centers. Outside offices may also facilitate the distribu-
tion of countermeasures and vaccines to children in local 
communities. Incorporation of community pediatricians 
in d isaster planning and drills will a lert their office per-
sonnel to maneuvers t hat w ill help during a s urge e vent 
such as rescheduling well-child visits and adjusting other 
service capabilities.

Conclusions

Recent e vents a nd s tudies h ave e xposed t he l ack of d isas-
ter preparedness among those caring for children. Children 
present a c omplex d evelopmental a nd p hysiological c hal-
lenge during traumas and mass casualty events, as they can 
pose many hurdles from an individual as well as a systems 
perspective. ἀ e p ediatric s urgeon s hould l ead a t eam o f 
pediatric generalists and subspecialists in preparing fami-
lies; hospital staff; local, regional, and national governments; 
and other community resources in educating a nd practic-
ing for mass casualty events. ἀ e aggressive  incorporation 
of pediatric patients and scenarios, especially for those with 
chronic medical or  developmental needs, i s of paramount 
importance in disaster preparedness. In conclusion, we pro-
vide recommendations compiled from peer-reviewed publi-
cations referenced in this chapter.

Recommendations

Hospital/system preparation
Leadership • Leadership with knowledge and expertise

• Public health/government at centralized/regional emergency management 
coordinating centers

• Expectations for clinician response delineated in contract
Identification of resources • Regional centers

 - Network for referrals and transfers
 - Identification of local hospitals to assist with surge capacity
 - Integration of telemedicine
• Intensive care unit (ICU) involvement in disaster preparedness and response
• Identification of subspecialist experts in the type of disaster and consultation for 

medical guidance and to inform decision-making for mass critical care delivery
• Identification of local hospitals that can assist with surge capacity or for transfer of 

noncritical patients from a trauma center
Communication • Integrated communication systems and robust infrastructure of electronic medical 

records
• The use of virtual ICUs, point-of-care (POC) testing, portable monitoring systems, and 

telemedicine to facilitate transfer and sharing of information
Practitioner preparation
Training • ICU and surgical clinician participation in disaster response training and education

• Maintenance of pediatric care levels with additional training for disaster response
• Frequent simulation involving all care teams, integrating pediatric-specific scenarios

Family preparation
Communication • Communication plan with family members in event of a disaster

• Evacuation plans for foreseeable events such as hurricanes
Supplies • Surplus materials, especially for families of children with special needs
Information • Up-to-date medical needs of the child

• Identification of the child and the child’s specific health needs
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History of pediatric trauma centers

ἀ e year 2 016 w ill m ark t he 4 0th a nniversary o f t he ACS 
Optimal Hospital Resources for Care of the Seriously Injured 
Patient d ocument. P ediatric t rauma c are w as d eveloped 
within the framework of the adult trauma system but now 
has emerged as an entity all its own.

Pediatric-specific t rauma c enters were first e stablished 
in t he e arly 1 970s w ith p ublished a rticles d ocumenting 
the increasing effort to organize and improve overall care 
of injured children [1–5]. In 1982, an article was published 
in t he Journal of Trauma t hat o utlined s tandards o f c are 
for critically i njured c hildren [ 6]. ἀ is i nformation l ed 
to t he d evelopment o f A ppendix J , w hich w as a dded t o 
the h ospital r esource d ocument i n 1 987 [ 7]. ἀ is d ocu-
ment, P lanning P ediatric Trauma C are, w as en dorsed b y 
the American Pediatric Surgical A ssociation (APSA) and 
the American College of Surgeons Committee on Trauma 
(ACS COT).

In 1987, t he A merican C ollege o f Surgeons Verification 
Review Committee (ACS VRC) was established for the pur-
pose of verifying compliance with trauma center standards. 
A chapter dedicated to resources required for development 
of a p ediatric t rauma center was included in the 1987 ACS 
resource d ocument [ 7]. I n O ctober 1 989, t he first L evel  I 
pediatric consultation took place, with the first free-standing 
Level I p ediatric t rauma c enter v erified b y t he A CS i n 
September 1991.

During this same time period, other critical components 
supporting pediatric trauma center development continued 
to em erge. I n 1 983, a p ediatric c hapter w as a dded t o t he 
Advanced Trauma Life Support ( ATLS) course. I n 1984, 
the U.S. C ongress en acted l egislation, authorizing t he u se 
of federal funds for the development of Emergency Medical 
Services f or C hildren ( EMSC). ἀ is n ational i nitiative 
under t he d irection o f t he H ealth R esources a nd S ervice 
Administration’s M aternal a nd C hild H ealth B ureau 
(MCHB) p rovided g rant m oney t o h elp i mprove em er-
gency medical services for critically ill and injured children 
in order to reduce death a nd d isability. ἀ is i nitiative d id 
not promote a separate EMS system, but instead advocated 
for en hanced p ediatric c apability w ithin t he e xisting s ys-
tem. O verall, t his program raised awareness t hat children 
respond d ifferently t han a dults—physically, em otionally, 
and psychologically.

ἀ e N ational P ediatric Trauma R egistry ( NPTR) w as 
developed i n 1985 w ith t he a ssistance of a g rant f rom t he 
U.S. Department of Education [8]. It was originally designed 
to explore the relationship between rehabilitation outcomes 
and acute care of injured children. However, it later assisted 
in defining pediatric trauma as a unique entity and contin-
ued to en hance pediatric t rauma a s i ts own specialty. ἀ e 
NPTR collected data until 2001 and was a m ajor influence 
on the National Trauma Data Bank (NTDB) adding a pedi-
atric c omponent to t he d ataset. ἀ e first p ediatric t rauma 
report by the NTDB was published in 2007.
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As pediatric trauma centers began to formally emerge, 
it b ecame e vident t hat t here w as a l imited n umber a nd 
distribution of pediatric trauma centers across the United 
States. I n 1993, t he I nstitute of Medicine (IOM) released 
Emergency Medical Services for Children, a c omprehen-
sive report that revealed multiple deficiencies in pediatric 
care across the United States [9]. In an attempt to increase 
availability, t rauma c enter w ith p ediatric c ommitment 
was a dded a s a n o ption f or a dult t rauma c enters a nd 
published in the Resource for Optimal Care of the Injured 
Patient: 1993 document [10]. ἀ e option of trauma center 
with p ediatric c ommitment w as r emoved f rom t he 2 006 
resource d ocument [11]. I t w as r ecommended t hat w hen 
an a dult t rauma c enter p rovided c are f or g reater t han 
100 children less than 15 years of age, the hospital should 
undertake parallel trauma center verification—both adult 
and p ediatric. H owever, a ll a dult t rauma c enters m ust 
have the ability to stabilize and provide timely transfer of 
injured children when a p ediatric patient a rrives at t heir 
institution. Despite significant advances and expansion of 
the n umber o f p ediatric t rauma c enters, t he m ajority o f 
injured children continued to be cared for at either adult 
trauma c enters o r n on-trauma c enters. O ver 1 7 m illion 
children still do not have access to a pediatric trauma cen-
ter within 60 min of where they live [12].

Verification by t he ACS a s a t rauma c enter i s t he most 
common f orm of trauma center verification. ἀ e most 
recent edition of Resources for Optimal Care of the Injured 
Patient ( 2014) a dvocates t hat p ediatric t rauma c enters 
assume a l eadership r ole i n t he c are o f i njured c hildren 
in local, regional, a nd s tate systems [13]. Pediatric t rauma 
centers must meet the same resource requirements as adult 
trauma c enters, i n a ddition t o p ediatric r esource r equire-
ments. As of 2016, the ACS divides pediatric trauma centers 

into Level I a nd Level II centers. Pediatric trauma centers, 
verified b y t he ACS, have multiplied fivefold over t he l ast 
10 years and do not include those centers in states with their 
own s ystems o f v erification ( Figure 4 .1). A t rauma c enter 
can be designated by a state or regional authority and veri-
fied by the ACS COT.

Last but not least for the injured child is the importance 
of injury prevention, which gained momentum in the mid-
1970s. I n 1 996, o ne r esearch t eam d escribed t he c hanges 
in injury mortality f rom 1978 to 1991 and determined the 
number o f p reventable d eaths w ith t he c urrent a vailable 
intervention strategies [14]. ἀ ey concluded that reduction 
in pediatric mortality was attributed not only to improved 
medical c are, b ut a lso t o i ncreased u se o f s eat b elts a nd 
child safety seats, reduction in drunk driving, a nd overall 
better safety awareness [14]. Published in 1999, Reducing 
the Burden of Injury focused on prevention a nd t reatment 
of i njuries i n c hildren [15]. W ith t he r eduction o f i njury 
and i ncreased a wareness, i njury p revention p rograms a re 
now considered an integral component of pediatric trauma 
centers.

Planning for a pediatric trauma center

ἀ e d ecision t o develop a p ediatric t rauma c enter must 
be embraced by t he entire institution, since t rauma, by its 
nature, has an impact on and requires the input of all areas 
of a h ospital. I n addition, t he hospital i nterested i n devel-
oping a p ediatric t rauma c enter s hould c arefully c onsider 
the needs o f its c ommunity and r egion f or such a center. 
ἀ is analysis should provide insight into market share and 
predict whether trauma center development makes finan-
cial s ense. ἀ is a nalysis a lso reviews geographic presence, 
evaluates c urrent r eferral p atterns, d etermines t he a ctual 
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and potential referral base, a ssesses i mplementation costs, 
and provides a r oadmap for d evelopment. A g eneral t ime 
frame for verification as a t rauma center may be of benefit 
within the market analysis as this change generally takes a 
significant period of time.

Like the adult trauma center, fundamental components 
of a comprehensive t rauma system include injury preven-
tion, prehospital c are, a cute c are f acilities a nd t reatment, 
and posthospital care either i n t he way of rehabilitation 
or posthospital follow-up. However, the many differences 
between a dult a nd p ediatric t rauma p atients, i nclud-
ing a natomical, p hysiological, p sychological, a nd s ocial 
aspects, h ave s ignificant i mpact o n h ow t o d evelop a  
comprehensive pediatric trauma center. Children require 
pediatric specialists who understand the differences in pat-
terns o f i njury a nd p hysiological r esponse. A dditionally, 
in d eveloping a p ediatric t rauma c enter i t i s c ritical t o 
emphasize a f amily-centered a pproach t hat w ill p rovide 
support for both the child and the family. Understanding 
these d ifferences a nd d eveloping a s ystematic a pproach 
to i ncorporation o f a ll o f t hese f actors a re c ritical i n t he 
planning phase of pediatric trauma center development. In 
addition to available resources from the ACS, other orga-
nizations s uch a s t he P ediatric T rauma S ociety a nd t he 
Trauma Center Association of America also have pediatric 
trauma–focused resources available. It may also be possible 
for some centers to collaborate with an established Level I 
pediatric trauma center to support their development and 
early improvement [16].

As standards for trauma center verification/designation 
vary between states, it i s critical i n t he preplanning phase 
to investigate what is pertinent. For example, does the state/
region have a ny specific criteria a nd/or s tandards t hat a re 
equal to or above the ACS verification requirements? Is the 
trauma verification process through the state or by the ACS? 
Finally, i s t here a s tate d esignation p rocess i n a ddition t o 
ACS verification requirements? All these aspects need to be 
understood and conveyed to the administration in the pre-
planning phase.

Facilities

ἀ e first-line r equirements f or a p ediatric t rauma c enter 
are the correct facilities and equipment to serve the injured 
child/adolescent. ἀ e b asic c oncept o f a t rauma c enter i s 
that services, whether i nitial management or a n operative 
procedure, can be immediately provided 24 h/day, 365 days 
a year. A s t he d efinition of t he p ediatric a ge g roup v aries 
and adolescents are frequently included within that group, 
pediatric injury can occur at all times of the day and night, 
just as in the adult population.

As a pediatric trauma center, ensuring all areas of the 
institution a re p ediatric p repared a nd a lso “ pediatric 
friendly” i s e ssential. ἀ is is frequently a difficult concept 
to d escribe, b ut n onetheless i s a n e ssential c omponent. 
Family-centered c are n eeds t o b e i ncorporated, s o t hat 
family i s i ntegrally i nvolved i n c linical r ounds a nd t he 

 decision-making process. Physical a reas w ill need adapta-
tions for children that consider the age span from an infant 
to a dolescent. I n a ddition, a ccommodations n eed t o b e 
made f or p arents/guardians. E ven a dolescents, w ho h ave 
the p hysical s ize o f a n a dult, n eed t he em otional s upport 
of family. ἀ e hospital is a s tressful place for the child and 
family, so anything in the environment that can lessen this 
stress and bring comfort and distraction is of special value 
that enhances recovery.

Emergency department

ἀ e emergency department is the primary entry point into 
the hospital for the injured child and family. Since pedi-
atric s pans t he a ges f rom n eonates t o a dolescents, e quip-
ment must be readily available and appropriate for all sizes. 
Published data have suggested that many emergency depart-
ments i n t he United States l ack basic equipment a nd sup-
plies needed to care for children of a ll ages [17]. In 2009, a 
nationwide assessment of all emergency departments began, 
based on the published 2009 Guidelines for the Treatment of 
Children in the emergency department [18]. Starting in 2012, 
the E MSC P rogram i mplemented t he National Pediatric 
Readiness Project. ἀ is comprehensive project used a v ari-
ety o f c ommunication s trategies, i ncluding d irect m ail-
ings, coupled with a state-level management strategy, a web 
media presence, and a comprehensive public relations cam-
paign. ἀ e overall purpose of this national quality improve-
ment p roject i s t o en sure t hat a ll em ergency d epartments 
are ready to care for children. ἀ e first documented review 
of t he p roject d emonstrated i ncreased p ediatric r eadiness 
compared to previous reports [19]. A careful review of the 
pediatric readiness toolkit s hould b e p erformed to en sure 
appropriate re sources a re a vailable. I nformation i s a vail-
able o n t he w ebsite http://www.pediatricreadiness.org/
readiness-toolkit.

Variable s izes o f m onitoring, v ascular a ccess, a nd a ir-
way e quipment a re e ssential. Bl ood p ressure c uffs s hould 
be available for neonatal, infant, child, adult-arm, and thigh 
in size. Electrocardiography monitors/defibrillators should 
have b oth p ediatric a nd a dult c apabilities i ncluding p edi-
atric-sized p ads/paddles. ἀ e p ulse o ximeter s hould h ave 
pediatric-sized probes. I n a ddition, venous access e quip-
ment s hould b e a vailable i n a v ariety o f p ediatric-specific 
sizes i ncluding p eripheral i ntravenous ( IV), i ntraosseous 
needles, and central venous catheters.

Given the unique challenges of the pediatric a irway, an 
organized, readily accessible pediatric-specific a irway c art 
is crucial. ἀ is cart should include a variety of endotracheal 
tube types and sizes, laryngoscope blades, stylets, and suc-
tion c atheters, a long w ith v arious b ag-valve-mask d evices 
for infants and children.

Children c an r apidly b ecome h ypothermic d uring a 
trauma evaluation and resuscitation so equipment for active 
warming i s e ssential. Younger c hildren h ave a l arger s ur-
face a rea-to-weight r atio t han a dults, m aking t hem prone 
to heat loss. Various warming techniques need to be readily 
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available i n t he r esuscitation a rea i ncluding t he a bility t o 
rapidly warm the trauma resuscitation room and to provide 
warm resuscitation fluids and blood.

Given the larger variety of equipment required for care 
of the injured child compared with an adult, careful orga-
nization o f t he t rauma r esuscitation a rea i s p aramount. 
Equipment should be easily accessible, clearly labeled, and 
safely a nd logically organized. O ne method of organizing 
the re suscitation a rea f or p ediatrics i s t he Br oselow s ys-
tem. ἀ is system supplies the practitioner with information 
and e quipment i n a n a ge-specific m anner, a ll c ontained 
in a c olor-coded c art [20]. I n a ddition, t he B roselow t ape 
is a r apid method of determining t he child’s weight based 
on h eight. A s tandard m ethod f or e stimating w eight i n 
kilograms s hould b e u sed ( e.g., l ength-based s ystem) f or 
children who require resuscitation or emergency stabiliza-
tion. Early calculation of a child’s weight allows appropriate 
calculation of emergency medications, IV fluid boluses, and 
blood products. P re-calculated d osing g uidelines f or c hil-
dren of a ll a ges s hould b e d eveloped a nd e asily a ccessible 
during a  p ediatric re suscitation. S edation a nd a nalgesia 
for specific procedures need to be i ncorporated i nto pedi-
atric p reparedness. S taff should b e c ontinually e ducated 
and k nowledgeable a bout w hat i s i n t he B roselow c art o r 
where all pediatric equipment is located. Inability to locate 
age/size-appropriate e quipment a t t he t ime o f p ediatric 
trauma resuscitation can have a significant negative impact 
on outcome.

All centers do not need to use the Broselow system, but 
alternative methods should still meet the requirements 
of b eing e asily a ccessible, clearly labeled, and s afely a nd 
logically o rganized. E quipment p ackaged t ogether w ithin 
surgical trays for procedures such as chest tubes, central 
lines, a nd so on, must a lso be revised to accommodate a ll 
ages. A  recently p ublished c hecklist, b ased o n t he 2 009 
joint policy statement 2009 Guidelines for the Treatment of 
Children in the Emergency Department [18] c an b e f ound 
online at  http://aappolicy.aappublications.org/cgi/reprint/ 
pediatrics;124/4/1233.pdf. ἀ is useful checklist provides 
overall a ssistance i n preparing emergency d epartments to 
care for children.

Radiology

As w ith adults, p lain r adiographs a nd C T s canning a re t he 
major diagnostic modalities for injured children. Immediate 
access d uring t he i nitial m anagement p hase i s a h igh p ri-
ority. C hildren a re a t a n i ncreased r isk o f c ancer f rom C T 
scans because they are still growing and their cells are divid-
ing rapidly. In addition, children h ave l onger time to l ive, 
thereby increasing their life-long risk [21–23]. Even with this 
knowledge, the CT scan is a powerful adjunct to the practice 
of pediatric trauma and continues to be the standard of diag-
nostic a ssessment. I maging p rotocols n eed t o b e d esigned 
specifically f or c hildren. ἀ ese p rotocols s hould f ocus o n 
the principles of ALARA—“as low as reasonably achievable” 
[24–26]— as well as limiting scanning to only regions of need. 

Two c linical d ecision r ules, t he C anadian C -spine r ule [27] 
and the National Emergency X-Radiography Utilization Study 
(NEXUS) [28], a re a vailable t o a ssess t he n eed f or i maging 
in patients with cervical spine injury following blunt injury. 
ἀ ese rules a im to reduce unnecessary imaging by identify-
ing patients with a h igher likelihood of cervical spine injury. 
Other s tudies a nd g uidelines a re c urrently b eing d eveloped 
for pediatric abdominal and head injury screening. ἀ ese 
guidelines, which aim to inform providers of the most current 
indications for advanced imaging and when it can be avoided, 
should be adopted by all pediatric trauma centers. In addition 
to the specific imaging protocols, it is important that the pedi-
atric t rauma c enter p reparation i nclude t he a bility t o s afely 
sedate children for longer studies and for access to pediatric-
specific interventional radiology equipment.

Pediatric intensive care

Intensive c are m ust b e r eadily available for the injured 
child. ἀ is care is preferably provided in a specific pediatric 
intensive care unit (PICU) with appropriately trained pedi-
atric nurses and pediatric intensivists. If a PICU is not avail-
able, a n i ntensive care u nit w ith pediatric nurses i nvolved 
in the care of injured children may be an alternative. A col-
laborative approach to the care of the child in the intensive 
care unit must exist between the surgeon and the pediatric 
intensivist and nurses as well as pediatric-focused pharma-
cists, nutritionists, and social workers.

Operating room

An operating room (OR) must be readily accessible in t he 
trauma center. In addition to t he physical space t hat must 
be e asily a ccessible f rom t he em ergency r oom, a nesthesia 
and perioperative nursing staff comfortable in caring for 
injured children must be immediately available. As a pedi-
atric t rauma c enter, t he OR must have appropriate e quip-
ment f or t he m anagement o f c ritically i njured c hildren 
including monitors, vascular access and airway equipment, 
and surgical instruments. ἀ e benefits to the institution of 
an available OR extend beyond the trauma service. An OR 
is a costly resource that must be carefully planned and opti-
mally utilized.

Pediatric floor/area

Care should be provided to the pediatric patients in dedi-
cated areas of the hospital staffed by nurses with pediat-
ric expertise. In addition, children should have an area 
in t he h ospital t hat i s d edicated t o t heir s pecific n eeds 
and i nterests. Within t he child’s room, t here should b e 
an area for parents to stay for the duration of the child’s 
hospitalization. ἀ e area should be pediatric friendly, with 
areas safe for children to visit and where medical proce-
dures do not occur. Special attention should also be given 
to adolescents who need a balance between independence 
and support during t heir c are. Child l ife specialists a re 

http://aappolicy.aappublications.org/cgi/reprint/pediatrics;124/4/1233.pdf
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additional integral members of the care team for children. 
ἀ ese specialists can help distract children during stress-
ful t imes and procedures, engage them in activities per-
tinent t o t heir d evelopmental a ge, a nd h elp k eep t heir 
lives as normal as possible while in the hospital. Return 
to a school schedule of learning can be very important for 
children spending extended periods in t he hospital a nd 
should be incorporated into the trauma system develop-
ment process.

Disaster preparedness

An e ssential r ole o f a t rauma c enter i s t o b e p repared t o 
help manage pediatric patients in disasters. ἀ is prepara-
tion must include a plan for managing children through the 
continuum of care and a p lan to reunite children and par-
ents. In addition, an area designed for rapid and safe decon-
tamination of children is necessary. As a trauma center, the 
system will need to be prepared to manage both injured and 
noninjured children. Unfortunately, most hospitals are fre-
quently u nprepared t o p rovide c are f or c hildren d uring a 
disaster [29]. Data suggest that more than one-third of vic-
tims of disaster or multicasualty events are children, yet sys-
tem planning does not include pediatric issues [29]. Efforts 
to improve planning for children who are involved in disas-
ters are occurring at the local, state, and federal level. When 
planning the d evelopment of the pediatric trauma center, 
all aspects of disaster preparedness need to be incorporated 
into the process [30,31].

Rehabilitation

ἀ e fact that children are young and most are healthy does 
not mean they necessarily recover well from injury. In order 
to m aximize o utcomes f or i njured c hildren, t he p ediatric 
trauma center should be closely integrated with rehabilita-
tion s ervices focused on p ediatric p atients. ἀ ese s ervices 
are crucial in ensuring that early attention is given to a 
coordinated plan for necessary therapy to maximize recov-
ery a nd r eturn t o m aximal f unctional c apacity. R esidual 
functional i mpairments t hat a re c ommonly d ocumented 
include p hysical, c ognitive, e ducational, b ehavior, a nd 
social domains. All of these aspects can result in a s ignifi-
cant social, emotional, and economic burden for the child’s 
family and community. Early intervention and consultation
are imperative as soon as it is noted that the child will prob-
ably survive.

Rehabilitation e xperts a lso p lay a n i mportant r ole i n 
helping c hildren a nd f amilies t ransition b ack h ome, t o 
school a nd, w hen needed, to long-term p ediatric rehabili-
tation f acilities. O ver t he p ast y ears, i ncreased a ttention 
has been directed to cognitive and neuropsychology recov-
ery for children. Outcome research has demonstrated that 
social a nd b ehavior d isorders, f requently a ssociated w ith 
childhood traumatic brain injury (TBI), are extremely trou-
bling to parents, teachers, peers, and others [32]. A compre-
hensive e valuation on t he w ide spectrum of rehabilitation 

needs must be addressed when developing the trauma cen-
ter concept.

Services/personnel

In order to function as a p ediatric trauma center, a v ariety 
of physician specialists, pediatric-trained nurses, child l ife 
specialists, and social workers, as well as laboratory techni-
cians and radiology technicians, are among the key person-
nel necessary to provide optimal care for injured children. 
Individuals e ssential t o m aintaining a t rauma p rogram 
include the trauma medical director, pediatric trauma pro-
gram manager, and trauma registrar. Additional important 
members of a comprehensive program may include injury 
prevention coordinators, trauma nurse educators, research 
staff, and trauma-focused pediatric nurse practitioners. ἀ e 
number of individuals needed to support the trauma service 
varies i n d irect proportion to t he number of i njured chil-
dren being treated on the trauma service, but the core team 
of a t rauma m edical d irector, p ediatric t rauma m anager, 
and trauma registry is considered essential.

Trauma resuscitation team

ἀ e g roup o f p hysicians i mmediately r esponsible f or t he 
care o f t he i njured c hild i ncludes s urgeons, em ergency 
medicine physicians, intensivists, and anesthesiologists. In 
addition t o t he p hysicians, n urses, r espiratory t herapists, 
paramedics, pharmacists, child life specialists, social work-
ers, and in some institutions, pastoral services are all part of 
the trauma resuscitation team. ἀ is multidisciplinary group 
of providers must f unction together a s a t eam. E ach team 
needs a well-defined leader, clear roles for each member, and 
effective communication to ensure efficient and safe evalua-
tion and care of trauma patients (Figure 4.2). Just like teams 
in other arenas, trauma teams not only need to practice the 
skills related to their individual roles but also must commu-
nicate e ffectively. M ultidisciplinary t rauma t eam t raining 
has been demonstrated to improve skills, enhance team-
work, identify latent safety threats, and enhance efficiency 
in identifying critical injuries [33–36].

In addition to the core responding group of providers, other 
key specialists who will be required to take care of injured chil-
dren include orthopedic surgeons a nd neurosurgeons w ith 
experience i n managing pediatric i njuries. Team members 
from plastic surgery, otolaryngology, urology, and ophthal-
mology are also essential to the trauma team. Other medical 
specialists are also important in supporting the care of injured 
children. R adiologists w ith expertise i n u nderstanding t he 
unique variations of findings seen during normal development 
as well as following injuries in children are also required.

Family presence

In addition to t he family-centered c are d iscussed earlier, 
family p resence d uring t he t rauma r esuscitation i s a n 
important p art o f c omprehensive p ediatric t rauma c are. 
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Family presence is defined in the medical literature as the 
“attendance of family members i n a location that a ffords 
visual or physical contact with the patient during invasive 
procedures or resuscitation” [37]. Family presence merits 
considerable a ttention b ecause i t s peaks t o t he h eart o f 
pediatric f amily-centered c are. S upport f or f amily p res-
ence is not universal or a g iven because the environment 
during t he resuscitation i s often u npredictable. However, 
professional organizations such as the Emergency Nurses 
Association, t he A merican A ssociation o f C ritical C are 
Nurses, the American College of Critical Care Medicine, 
and the Canadian Association of Critical Care Nurses a ll 
support family presence and have practice guidelines that 
endorse this concept.

When family presence is allowed during trauma resusci-
tation, policies and procedures should be adopted to guide 
the practice [38]. ἀ e absence of a policy can lead to misun-
derstandings and variations in practice. Frequently, a chap-
lain or a social worker is the person of choice; but in reality, 
this can be anyone that has the psychosocial and emotional 
skills to support the family. Although family presence can 
be u nsettling t o s ome p roviders, t he e vidence s upports a 
positive impact of family presence for both the child and the 
parents, even when there are undesirable outcomes [39]. It 
does not negatively affect the efficiency of the trauma resus-
citation [40]. Family presence and engagement throughout 
the hospital stay and recovery should remain a focus of the 
pediatric trauma center.

Support services

Support services, such as social services, child life, psychology, 
and the presence of a child abuse team, are often underappreci-
ated aspects of a pediatric trauma center. ἀ e family is a major 
component of the child’s life; therefore, if the child is injured, 
the f amily e xperiences m ajor c onsequences. S ocial s ervices 
have t he u nique a bility t o i nvestigate t he i ntricacies o f t he 
family system as well as to identify secondary adversities and 
develop interventions to address these issues. A child life spe-
cialist is available in most children’s hospitals to help the child 
deal with being in a h ospital. ἀ is person is of great support 
to the family and siblings in fatal cases. ἀ e role of a child life 
specialist should be managed by someone else in your trauma 
system if you do not have this specific type of individual.

Research has shown t hat about one in six children a nd 
their parents develop persistent posttraumatic stress symp-
toms w hich a re l inked t o p oorer p hysical a nd f unctional 
recovery [41]. P osttraumatic s tress d isorder ( PTSD) w hen 
not appropriately d iagnosed can place a b urden on family 
and lead to long-lasting psychological implications for t he 
child [42]. New screening tools are now being used to diag-
nose these issues early in the course of recovery and should 
be implemented into the trauma center procedures.

A v ariety o f t erms c an b e a ssociated w ith c hild a buse, 
including nonaccidental trauma, child maltreatment, child 
neglect, s haken b aby s yndrome, a nd s o o n. W hatever t he 
terminology used, a system must be instituted in a pediatric 
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Security X-ray tech OR Nurse ED tech Chaplain

Figure 4.2 Example of multidisciplinary team member position setup around a trauma patient. Each provider identified 
should have a defined role during the resuscitation.
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trauma c enter t o a ggressively s creen f or p otential c hild 
abuse. ἀ e trauma service should be an active advocate for 
the child and work within the hospital system to see that the 
child is returned to a safe environment.

Integration into the regional system

Pediatric t rauma c enters s hould b e i ncorporated i nto a 
regional t rauma s ystem c ommitted t o p roviding o ptimal 
care for a ll i njured i ndividuals. ἀ e pediatric t rauma per-
sonnel should participate at both the regional and state level 
as members of appropriate trauma committees, represent-
ing the pediatric population. Follow-up with referring hos-
pitals is essential to provide feedback on pertinent trauma 
care issues. ἀ e administration of a hospital needs to under-
stand that the pediatric trauma center must extend beyond 
the walls of the institution for the benefit of the patient and 
family.

ἀ e p ediatric t rauma c enter s hould w ork w ithin t he 
regional system to monitor and improve the triage of pediatric 
trauma patients to appropriate centers. Although the Centers 
for Disease Control and Prevention (CDC) t riage guidelines 
exist, the pediatric trauma center leadership should collabo-
rate with prehospital providers to ensure adequate compliance 
with guidelines. It has been demonstrated that children taken 
first t o a n ontrauma c enter h ave e xcess i maging a nd p ro-
longed transfer times to definitive care [43]. Children arriving 
at the pediatric trauma center also require triage to ensure that 
the appropriate level of trauma team resources is mobilized. 
Developing a t iered trauma response system is essential with 
the goal of having t he r ight resources available for t he r ight 
patient at t he r ight t ime. Tiered activation criteria are avail-
able f rom t he ACS as well a s f rom existing resources i n t he 
literature. A n e xample o f t iered a ctivation c riteria i s s hown 
in Table 4.1. Centers should carefully evaluate their over- and 
undertriage rates using the Cribari method or a resource uti-
lization method [44,45].

Table 4.1  Sample tiered activation criteria from a Level I pediatric trauma center

Activation criteria

Highest level
 1.  Any penetrating wound of the head, neck, or trunk to include gunshot wound to the head, neck, or trunk or 

extremities proximal to the elbow/knee
 2. Tachycardia and/or poor perfusion or unexplained tachycardia
 3. Blood given prior to the patient’s arrival
 4. Hypotension
 5. 40 mL/kg bolus prior to arrival
 6. Respiratory difficulty as evidenced by the following:
 a. Significant increase or decrease in respiratory rate
 b. Significant retractions or grunting
 c. Patient intubated prior to arrival
 7. Unable to maintain or difficult airway
 8. Glasgow Coma Score (GCS) ≤ 8
 9. GCS deterioration by 2
Mid-level
 1. Evidence of abdominal injury

 a. Without hemodynamic compromise
 b. Distended and/or tender abdomen
 c. Abdominal bruising or seat belt mark

 2. GCS 9–13
 3. Spinal cord injury with neurologic deficit
 4. Two or more proximal long bone fractures
 5. Burns > 15% total body surface area (TBSA)
 6. Ejection from vehicle
 7. Significant vascular injury including amputation of limb proximal to wrist or ankle
 8. Emergency department discretion
Lowest level
 1. Motor vehicle collision
 2. Struck or run over by motor vehicle (pedestrian or bike)
 3. Fall greater than 10 feet
 4. Any mechanism deemed to place the patient at risk for multisystem injury
 5. Any patient immobilized with a backboard and/or cervical collar
 6. Partial or full thickness burns between 5% and 14% TBSA
 7. Any burn if less than 5% TBSA requiring immediate pain management
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5
The ABCs of pediatric trauma

ROBERT W. LETTON and JEREMY J. JOHNSON

Introduction

Pediatric trauma victims present a challenging set of prob-
lems to the emergency physician, pediatrician, and surgeon. 
Children rarely sustain lethal injury; however, delayed rec-
ognition a nd i nappropriate m anagement o f t he c ommon 
problems encountered in t he pediatric t rauma patient can 
lead t o a p oor o utcome. ἀ e u ltimate c ommon p athway 
leading to death in the injured child is profound shock: the 
inadequate delivery of oxygen to t issues. It is therefore the 
goal of the initial phase of resuscitation to rapidly evaluate 
and treat any immediate life-threatening injuries that com-
promise t issue o xygenation. ἀ is i s k nown i n A dvanced 
Trauma L ife S upport (ATLS) c ourses a s t he p rimary s ur-
vey, or the ABCs of trauma: airway, breathing, and circula-
tion [1]. Appropriate management of the ABCs is necessary 
for optimal outcomes in pediatric trauma, regardless of 
whether it is managed in an adult or pediatric trauma cen-
ter [2]. In fact, with a relatively limited number of pediatric 
trauma c enters, m ost i mprovements i n p ediatric t rauma 
care a re l ikely t o c ome f rom i mprovements a t c ombined 
trauma centers [3].

When p erforming t he p rimary s urvey o f a n i njured 
child, one must keep in mind that frequent reassessment is 
mandatory. Children have t remendous physiologic reserve 
and may r apidly decompensate when t heir t hreshold level 
is crossed. O nly by frequent e valuation and assessment 
can t he physician d etect a nd t reat t he c hild a ppropriately 
prior to decompensation. Before a c hild leaves t he t rauma 

room for a diagnostic procedure, his or her ABCs must be 
assessed a nd s tabilized. ἀ e c omputed t omography ( CT) 
scanner is no place to lose an airway or require chest tube 
placement. As the trauma workup proceeds into the second-
ary survey, any deterioration in an otherwise stable trauma 
patient, whether adult or child, should prompt a reassess-
ment of the ABCs.

Performance of the primary survey is d ivided into three 
separate stages of airway, breathing, and circulation only for 
discussion purposes. In practice, i t i s a d ynamic process i n 
which the clinician must be aware that all three steps occur 
concurrently. ἀ e p roficient p hysician m anaging p ediatric 
or adult trauma must be able to evaluate all three simultane-
ously, not in sequence, and recognize that problems with the 
airway influence breathing and circulation, and vice versa. It 
is the goal of this chapter to provide a framework upon which 
to base the initial management of the “Golden Hour” in pedi-
atric trauma.

Anatomic and physiologic considerations

Children differ from adults in several specific areas relevant 
to t rauma c are. Infants a nd young children, i n particular, 
have a r elatively large body surface a rea to body cell mass 
ratio and are thus prone to developing hypothermia. ἀ is is 
particularly t rue when exposed for resuscitation or opera-
tion or when given large volumes of intravenous (IV) fluids 
or blood products. To prevent hypothermia, it is important 
to keep injured children covered as much as possible and to 
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have available w arm blankets, heat l amps, room tempera-
ture controls, and fluid warmers in resuscitation areas and 
operating rooms (ORs). ἀ e child’s vital signs and circulat-
ing blood volume also vary with age, which obviously affects 
the recognition and treatment of physiologic derangement. 
Young c hildren h ave r elatively l arge h eads a nd a re m ore 
likely t o s uffer head i njuries, e specially w ith d eceleration 
mechanisms such as falls and motor vehicle trauma. ἀ eir 
craniums a re a lso t hinner a nd t heir b rains a re l ess c om-
pletely myelinated, b oth o f w hich t end t o increase t he 
severity of injury. Infants with open cranial sutures, larger 
subarachnoid s paces a nd c isterns, a nd greater extracellu-
lar space in t he brain may tolerate expanding intracranial 
hematomas and cerebral edema better.

ἀ e glottis lies in a more superior and anterior position 
relative t o t he p harynx, w hich m akes o rotracheal i ntuba-
tion m uch e asier t han n asotracheal i ntubation, e specially 
in an emergency. In children up to about 8 years of age, 
the airway is narrowest at the level of the cricoid cartilage. 
Traditional teaching has been to use uncuffed  endotracheal 
tubes ( ETTs), a s t he r isk o f t racheal m ucosal i njury a nd 
resultant s ubglottic s tenosis w as r eportedly m uch l ower 
than with cuffed ETTs. Recent literature has challenged this 
 teaching. W ith better technology, including the advent of 
high- volume, l ow-pressure c uffs, m any i nvestigators h ave 
found that using cuffed ETTs results in reduced rates of 
both air leaks and airway manipulation, without increased 
risk of tracheal injury [4–6]. For critically injured children 
likely t o e xperience p rolonged m echanical v entilation, 
cuffed E TTs a re n ow p referred. I n p ediatric p atients, t he 
trachea is relatively short, which increases the risk of mal-
position of  endotracheal tubes, most commonly in the right 
main bronchus. Tube position must be checked carefully at 
the t ime of intubation a nd monitored regularly t hereafter, 
especially upon returning from patient transport.

In children, the thorax is much more compliant to exter-
nal f orces a nd t he v ital o rgans a re c loser t o t he s urface, 
both o f w hich t end t o i ncrease t he r isk o f b lunt i njury t o 
the tracheobronchial tree, the heart, and great vessels. ἀ e 
elasticity o f p ediatric a rteries a nd t he n ormal a bsence o f 
atherosclerosis o ffset t his r isk. I n c hildren, t he m ediasti-
num i s m ore m obile s o t hat a n i ncrease i n pressure f rom 
a pneumothorax or hemothorax on one side is more apt to 
compromise both lungs. In the abdomen, the more pliable 
ribs do not offer as much protection from blunt injury to the 
liver, spleen, and kidneys compared to adults.

Airway

ἀ e main reason for ensuring a s table airway is to provide 
effective oxygenation a nd ventilation w hile protecting t he 
cervical spine a nd avoiding i ncreases i n i ntracranial pres-
sure. Airway control is intimately related to cervical spine 
protection, but the scope of t his chapter will be l imited to 
managing the airway only. Any child involved in a s ignifi-
cant t rauma s hould b e a ssumed t o h ave a c ervical s pine 
injury u ntil p roven o therwise. M ovement o f t he n eck, a s 

is c ommonly employed to provide a n a irway, c an c onvert 
a bony or ligamentous injury into a permanent disability. 
C-spine p rotection s hould b e i nitiated a t t he s cene a nd 
maintained in the emergency department (ED). Any child 
who arrives without neck stabilization should be held with 
in-line traction or have an appropriate-sized rigid cervical 
collar applied while the airway is evaluated.

Anatomy and assessment

Several a natomic f eatures p redispose t he c hild t o p oten-
tial airway obstruction. ἀ e child’s head is relatively large 
and causes flexion of the neck in the supine position. ἀ e 
tongue is larger in proportion to t he rest of t he oral cav-
ity and predisposes the child to more rapid upper a irway 
obstruction w ith p osterior d isplacement o f t he t ongue. 
Even a minimal amount of pressure on the submental soft 
tissue during bag-valve-mask ventilation can displace the 
tongue p osteriorly a nd o cclude t he a irway. ἀ e l arynx i s 
higher i n t he n eck ( C3–C4) c ompared w ith t hat o f t he 
adult (C4–C5); this a lters the preferred angle of insertion 
of the laryngoscope blade and makes the cords appear to 
be more anterior. “Cocking” the laryngoscope, as is com-
monly p racticed i n a dult i ntubation, w ill o nly p ush t he 
cords m ore a nterior a nd m ake i ntubation d ifficult. ἀ e 
infant e piglottis i s s hort a nd a ngled a way f rom t he l ong 
axis of the t rachea, increasing the difficulty of its control 
with the laryngoscope blade. Infant vocal cords are more 
cartilaginous and easily injured when passing the endotra-
cheal tube. ἀ e airways are much smaller and the support-
ing c artilage i s l ess w ell d eveloped, m aking t he t rachea 
more susceptible to obstruction from m ucus, blood, o r 
edema. In addition, the pediatric trachea is much shorter 
than the adult trachea, and advancing the tube too far into 
the right main stem bronchus is common.

It can be difficult to recognize early a irway obstruction 
in the child. Certainly the infant who is screaming or crying 
loudly and the older child who can converse with you have 
airways that are not in immediate jeopardy. ἀ e child who 
arrives c omatose (Glasgow C oma S cale s core < 8 ) or w ith 
obvious laryngeal trauma has an airway that is in immediate 
danger. Often the child is obtunded. If spontaneous breath-
ing is absent, the airway should be opened with a jaw thrust 
maneuver taking care to protect the C-spine. A finger sweep 
to rule out a foreign body should be performed. If no breath-
ing effort is seen after this maneuver, hand ventilation with 
a mask should be initiated and preparation made to intubate 
the child. During assisted mask ventilation, the  operator 
must take care not to place undue pressure on the base of 
the tongue, as this will occlude the airway. It is the pseudo-
stable pediatric trauma patient who can present difficulties 
in determining whether an airway is adequate. ἀ e patient 
may appear only slightly agitated, with nasal flaring, stridor, 
and air hunger. ἀ e child with an innocent-appearing face 
and neck burn may have s ignificant a irway edema. W hen 
in doubt, the following maneuvers should be attempted to 
secure the airway.
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Managing the airway

Studies i nvestigating field i ntubation h ave d emonstrated 
complication r ates a s h igh a s 25 % [ 7]. A ppropriate m ask 
ventilation c an p rovide a dequate g as e xchange u ntil o ne 
skilled in the task can intubate the child [8]. Newer airway 
techniques, i ncluding t he p ediatric K ing l aryngeal t ube 
(KLT) airway and the laryngeal mask airway (LMA), have 
been shown to be an effective temporary airway in children 
until s ecure endotracheal i ntubation c an b e p erformed i n 
the ED [9,10]. ἀ e KLT is a fenestrated supraglottic airway 
that can be blindly inserted into the hypopharynx and pro-
vides ventilation. ἀ e LMA is placed in the posterior phar-
ynx a nd a dvanced u ntil i t s eals o ver t he v ocal c ords a nd 
larynx. Excessive extension of the neck must be avoided in 
any airway technique. Oral and nasal airways do not protect 
the airway. In fact, their insertion can induce emesis. Nasal 
airways are too small to be effective in the child. An oral or 
nasal a irway is, at best, a t emporary technique to improve 
bag ventilation in preparation for endotracheal intubation.

Oral endotracheal intubation is the “gold standard” for 
airway control. It is critical to maintain neutral a lignment 
of the cervical spine during a ll airway manipulation. Even 
though nasotracheal intubation in adults requires less spine 
manipulation, in children it is difficult and time-consum-
ing, and therefore has little role in managing the acutely 
injured child. ἀ e size of the nares is often not large enough 
for a n a ppropriate-sized t ube. I n a ddition, t he p ath t hat 
the tube has to follow to the cords is at a v ery acute angle, 
requiring d irect l aryngoscopy a nd f orceps t o a ccomplish. 
Enlarged tonsils a nd adenoids can bleed i f blindly injured 
with the endotracheal tube.

Children less than 6 years of age should receive an appro-
priately sized cuffed endotracheal tube to minimize trauma 
to t he cords a nd subglottic edema. Formulas exist for cal-
culating endotracheal tube size (Table 5.1), but a quick ref-
erence i s t he s ize o f t he m iddle phalanx of t he fifth d igit. 
ἀ e Broselow tape, which bases drug doses and weight on 
the child’s length, also estimates endotracheal tube size [11]. 

Stylets are h elpful f or pediatric i ntubation t o g ive t he 
tube a g entle “ J” c urve. ἀ e t ip o f t he s tylet s hould n ever 
be extended beyond the end of the tube, and a t hin coat of 
lubricating jelly can aid in removing the stylet without extu-
bating the child.

Endotracheal intubation

ἀ e p rocess o f i ntubating a c hild c an b e h arrowing f or 
those not accustomed to it. Direct laryngoscopy is the pre-
ferred approach for the pediatric a irway because anesthe-
siologists and emergency physicians are most familiar with 
it. However, video laryngoscopy (glidescope) is a relatively 
new technique to a llow endotracheal i ntubation a nd may 
enable an improved view in patients with a difficult airway. 
Current ATLS recommendations call for a rapid sequence 
induction of sedation and paralysis, especially in those with 
closed head injury and possible elevated intracranial pres-
sure [1]. Attempts to intubate a partially responsive, cough-
ing, c ombative c hild w ill c ause f urther e levation o f t he 
intracranial pressure. ἀ e u se of d rugs i n r apid s equence 
induction must i nduce u nconsciousness a nd p aralysis, a s 
well a s b lunt t he i ntracranial pressure response [12]. O ur 
current c hoice o f d rugs f or r apid s equence i nduction i s 
listed i n Table 5 .2. C are s hould b e t aken i f t he p atient i s 
in s hock not t o i nduce hypotension w ith t oo much s eda-
tive. Paralysis should not be induced in the spontaneously 
breathing patient u ntil t he physician i s c apable of v isual-
izing the cords.

Gentle mask ventilation with cricoid pressure should be 
attempted to preoxygenate the child. In-line cervical immo-
bilization with the collar opened anteriorly should provide 
adequate e xposure. R apid s equence i nduction i s initiated 
after proper equipment is obtained and the child has been 
preoxygenated. ἀ is s hould i nclude a b ag a nd m ask c on-
nected to h igh-flow o xygen, s uction, a laryngoscope w ith 
functioning bulb, a nd a n endotracheal t ube w ith s tylet o f 
appropriate s ize a s well a s t ubes t hat a re a h alf s ize larger 
and s maller t han t he e stimated c orrect s ize. A M iller 

Table 5.1 Endotracheal tube size in relation to age

Age Internal diameter (mm)

Term infant 3.0
6 months 3.5
1 year 4.0
2 years 4.5
4 years 5.0
6 years 5.5
8 years 6.0
10 years 6.5
12 years 7.0
14 years 7.5
Adult 8.0

Note: May estimate tube internal diameter with formula: ID (mm) 
– Age/4 + 4.

Table 5.2 Drugs and doses commonly used for rapid 
sequence induction

Drug class Drug name Dose (mg/kg)

Short-acting 
sedatives

Etomidate 0.2–0.4

Pentothal 2–4
Versed 0.01–0.02

Short-acting 
paralytics

Rocuronium 0.6–0.9

Vecuronium 0.1–0.2
Succinylcholine 1–2

Vagolytic 
(infants)

Atropine 0.01–0.02

Note:  Avoid propofol and ketamine in children with elevated 
intracranial pressure. Sedatives and barbiturates can 
aggravate hypotension.
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(straight) b lade i s most often e asiest to u se a nd should b e 
gently inserted into the oropharynx and the tongue elevated 
anteriorly t o v isualize t he c ords. Avoid t he t emptation t o 
“cock” the laryngoscope, as this will further displace the 
cords a nteriorly a nd i ncrease t he l ikelihood o f b reaking 
or l oosening a n i ncisor. ἀ e t ube s hould only b e i nserted 
a few centimeters past the vocal cords. ἀ e trachea is short 
and i ntubation o f t he r ight m ain s tem b ronchus c an e as-
ily occur. ἀ e tube should be placed no deeper t han t hree 
times t he endotracheal tube size, in centimeters, f rom t he 
lips. ἀ e Broselow tape will also specify a depth of insertion 
[11]. Endotracheal tube position should be confirmed with a 
disposable capnometer, as well as auscultation of both lung 
fields and listening over the epigastrium for esophageal intu-
bation. Breath sounds transmit easily in young children and 
listening in both axillae will give the best point of ausculta-
tion to determine if the breath sounds are equal. Symmetry 
of chest wall excursion with ventilation should be noted; 
diminished s ounds a nd m ovement o f t he l eft side s hould 
be treated by withdrawing the tube 0.5–1 cm. If diminished 
sounds p ersist, a l eft-sided p neumothorax s hould b e c on-
sidered. Since the trachea is so short, movement of 1 cm in 
either d irection c an o ften d isplace t he t ube i nto a n i nap-
propriate position. Vigilance in securing the tube and con-
stant checking of its position is mandatory. Current ATLS 
recommendations call for obtaining a chest x-ray, as well as 
lateral C-spine a nd pelvis films, at t he end of t he primary 
survey to confirm tube position as well as rule out injury [1].

Special airway situations

Any child w ith a s evere burn to t he face a nd neck should 
be a ssumed to have a n a irway i n jeopardy. Heat injury to 
the upper a irway results in edema of the pharynx, larynx, 
and tongue that can rapidly occlude the airway. As t issues 
become more distorted, intubation can b ecome m ore dif-
ficult. F urthermore, c hildren i njured i n a c onfined s pace 
can have a compromised airway, even without obvious face 
and neck burns. Inhaled toxic fumes and particles can irri-
tate the airway and cause edema. Prophylactic intubation is 
appropriate whenever heat injury to the upper airway is sus-
pected, or if transportation to another facility is expected. 
It is much easier to remove a tube that is not needed than to 
obtain a n a irway emergently i n a s wollen burn v ictim. I n 
addition, carbon monoxide poisoning is difficult to detect, 
as the pulse oximeter will continue to read high saturation. 
Tracheal i ntubation en sures e fficient d elivery o f o xygen 
under these circumstances.

In the child with severe face or neck trauma, alternative 
maneuvers to endotracheal intubation may be necessary to 
secure the airway. A child with severe facial trauma who is 
able to maintain an airway should have a quick primary sur-
vey a nd a ll i mmediate l ife-threatening i njuries a ddressed. 
ἀ e child should then be transported to the OR where a for-
mal tracheostomy can be performed. If the patient is unable 
to maintain an airway, a needle cricothyrotomy is preferred 
to a s urgical c ricothyrotomy, e specially i f t he c hild i s l ess 

than 10 years of age. Insertion of a 14-gauge needle or 
angiocath requires less s kill a nd c an provide a t emporary 
airway u ntil t he c hild c an h ave a f ormal t racheostomy i n 
the OR. Needle cricothyrotomy provides good oxygenation, 
although n ormocarbia can b e d ifficult t o m aintain and 
therefore it should be converted to a surgical airway as soon 
as possible. Other alternatives, including fiberoptic-assisted 
intubation and retrograde intubation or tracheostomies, are 
institution and operator dependent.

Laryngeal t rauma i s r are i n c hildren b ut m ay n eed t o 
be addressed in the setting of penetrating trauma or when 
“clothesline” i njuries a re s ustained o n b icycles a nd a ll- 
terrain vehicles (ATVs). Endotracheal intubation can poten-
tially worsen t he injury by causing complete separation of 
the t rachea f rom t he l arynx a nd t otal l oss o f t he a irway. 
Signs a nd s ymptoms of l aryngeal f racture i nclude s tridor, 
subcutaneous emphysema of the neck, pneumothorax, and 
hoarseness. If the child is able to maintain an airway, oxygen 
should be provided until a surgical airway can be obtained 
in the OR. Cricotracheal separation is an airway emergency 
that often requires immediate tracheostomy in the ED.

Breathing

Once a n a irway i s secure, attention must next be d irected 
toward i njuries t hat a ffect v entilation a nd o xygenation. 
Most of t hese injuries comprise t he immediate l ife-threat-
ening injuries of the chest. Although these will be discussed 
in d etail e lsewhere i n t his b ook, t hey must b e m entioned 
now, a s a n a dequate p rimary s urvey c annot b e s ecured 
without i ncluding t hese i njuries i n t he d ifferential d iag-
nosis. Ventilation and oxygenation must occur in an effec-
tive manner, and i f t hey do not, correctable causes should 
immediately b e s ought. ἀ e i ntubated c hild w ith s table 
blood p ressure a nd g ood s aturation l ikely d oes n ot h ave 
an i mmediately l ife-threatening c hest i njury, b ut c an s till 
have a p otentially l ife-threatening c hest i njury. ἀ e i ntu-
bated child who decompensates after intubation most likely 
has a l ife-threatening c hest i njury a nd m ust b e m anaged 
appropriately to preserve a g ood outcome. ἀ e major l ife-
threatening t horacic i njuries i nclude tension p neumotho-
rax, open pneumothorax, massive hemothorax, flail chest, 
and cardiac tamponade. Other potentially l ife-threatening 
injuries to consider are simple pneumothorax, hemothorax, 
pulmonary contusion, tracheobronchial tree injuries, blunt 
cardiac injury, traumatic aortic disruption, aerophagia, and 
traumatic diaphragmatic injury (Table 5.3).

Assessment and monitoring

Assessing a dequacy o f v entilation a nd o xygenation i n a 
busy t rauma b ay c an b e p roblematic. ἀ e c hild’s b reath-
ing should be observed, looking for symmetry of excursion 
or flail chest segments (rare in children). Auscultation can 
be d ifficult i n a n oisy E D, b ut t he b est p oint o f a usculta-
tion to check for equality of breath sounds is in the axilla. 
Pneumothorax w ill i nitially r esult i n l oss o f e xpiratory 
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breath s ounds, f ollowed b y t he l oss o f i nspiratory b reath 
sounds. To distinguish the loss of breath sounds associated 
with a hemothorax versus a pneumothorax, percussion can 
be attempted; however, dullness a nd resonance to percus-
sion can be difficult to appreciate in a noisy ED. Fortunately, 
both a re i nitially t reated w ith p lacement o f a c hest t ube 
and are easy to distinguish afterward. If the child is stable, 
a c hest x -ray c an b e o btained p rior t o i nitiating t herapy. 
A  decompensating c hild w ith d ecreased b reath s ounds 
should not wait for an x-ray prior to decompression of the 
hemo/pneumothorax.

Any child who has been intubated will require mechani-
cal ventilation. In i nfants less t han 1 y ear of age, pressure 
regulated ventilation is our preferred mode of ventilation in 
order to minimize iatrogenic barotrauma. A peak pressure 
is chosen such that the resulting tidal volume is 6–8 cm3/kg, 
and a rate o f 20–40 i s chosen a nd adjusted b ased o n t he 
pCO2 on an arterial blood gas. If the child has a closed head 
injury, t he p CO2 s hould b e m aintained a t a pproximately 
35 mmHg; otherwise a pCO2 of 40 mmHg is acceptable. In 
children o ver 1 y ear o f a ge, v olume c ontrol v entilation i s 
our preferred method of ventilation. However, pulmonary 
compliance s hould b e m onitored c losely, a nd i f i t a cutely 
changes secondary to fluid resuscitation, pulmonary contu-
sion, or other causes, pressure control ventilation must be 
considered t o m inimize b arotrauma a s m uch a s p ossible. 
Initial settings in volume control are similar in that a t idal 
volume of 6–8 cm3/kg is desired, but the older the child, the 
lower the rate necessary to maintain adequate ventilation.

Adequacy of prehospital ventilation can be monitored via 
continuous end-tidal C O2 ( EtCO2) m onitoring. M ost p re-
hospital protocols include rapid sequence intubation (RSI) 
for patients who a re found to have a G lasgow Coma Scale 
≤ 8. For adult patients, it has been documented that patients 
intubated i n t he field h ave w orse o utcomes t han h istori-
cal controls [13]. ἀ is may be explained by overaggressive 
hand-bagging c ausing h yperventilation, h ypocapnia, a nd 
worsened cerebral ischemia. Further, in the prehospital set-
ting, EtCO2 may not correlate well with PaCO2, given that 
many patients with severe head injury may have concomi-
tant h emorrhage o r s evere c hest i njury [14]. I n a ddition, 
the a ir l eak a ssociated w ith a n ETT m ay c ontribute to a n 
inaccurate EtCO2. Despite this, EtCO2 monitoring provides 

confirmation of ETT position and may help prevent hyper-
capnia from aggressive hand-bagging.

Most E Ds a re e quipped w ith pulse oximeters a nd c ap-
nometers. Arterial blood gases are useful but can be difficult 
to obtain. I f perfusion is adequate, a rterial oxygen satura-
tion can be monitored w ith p ulse oximeters. ἀ e pulse 
oximeter is also useful for assessing poor circulation; if the 
extremities a re cool a nd t he pulse oximeters do not regis-
ter, hypovolemic shock is undoubtedly present and must be 
addressed. If the child is intubated, an EtCO2 monitor can 
be placed on t he endotracheal tube. ἀ e absolute value on 
EtCO2 should be correlated to t he pCO2 on blood gas ini-
tially, and changes in EtCO2 then are monitored and useful 
in guiding changes in ventilation.

Tension pneumothorax

Trauma to the rib cage may result in rib fractures and paren-
chymal injury. A small parenchymal injury with air leak or 
a major tracheobronchial tear may result in pneumothorax. 
ἀ e child with a pneumothorax may have an asymptomatic 
simple p neumothorax o r h ave s evere r espiratory d istress 
from an open or tension pneumothorax. Physical findings 
of pneumothorax include absence of breath sounds on one 
side o f t he c hest, h yperresonance t o p ercussion, s ubcuta-
neous emphysema, and tracheal deviation away from the 
affected side. Physical findings may be very subtle.

A tension pneumothorax occurs with progressive entry 
of a ir that is unable to escape from the pleural space. ἀ is 
compresses the ipsilateral lung and results in a s hift of the 
mediastinum to t he contralateral side. Since t he mediasti-
num is so compliant, it shifts earlier in the course, resulting 
in decreased venous return and more rapid cardiovascular 
collapse in the child. An open pneumothorax a llows com-
munication b etween t he en vironment a nd p leural s pace. 
Equilibration o f a tmospheric a nd p leural p ressure o ccurs 
with collapse of the lung and less shift of the mediastinum. 
Because of the loss of negative inspiratory pressure, respira-
tory distress can occur due to decreased ventilation on the 
ipsilateral s ide. M assive h emothorax o ccurs s econdary t o 
parenchymal i njury, s evere v ascular i njury, o r i ntercostal 
bleeding from rib fractures. ἀ is condition is more common 
with penetrating chest trauma than blunt chest trauma.

Treatment o f a t ension p neumothorax i s a ccomplished 
by insertion of a chest tube. Temporary relief can often be 
obtained with needle decompression, which should be per-
formed in the second intercostal space, in the midclavicular 
line. A ny c hild w ho h as h ad needle d ecompression of t he 
chest needs an appropriate-sized chest tube placed as soon 
as possible. Children are more susceptible to the associated 
mediastinal shift than adults. ἀ erefore, any child with acute 
cardiovascular collapse, especially i f it occurs shortly after 
the i nitiation of p ositive pressure ventilation, s hould h ave 
needle d ecompression o r t ube t horacostomy p erformed 
bilaterally if it is unclear which side is the symptomatic side. 
If acute cardiovascular collapse occurs, this decompres-
sion should be performed prior to obtaining a confirmatory 

Table 5.3 Potential life-threatening injuries addressed in 
primary survey

Immediate life-
threatening injuries

Potential life-threatening 
injuries

Airway obstruction Simple pneumothorax
Tension pneumothorax Hemothorax
Open pneumothorax Pulmonary contusion
Massive hemothorax Tracheobronchial injury
Cardiac tamponade Cardiac contusion
Aortic disruption Flail chest

Diaphragmatic rupture



56 The ABCs of pediatric trauma

chest r adiograph. N eedle d ecompression o f t he s econd 
intercostal space anteriorly may alleviate the condition long 
enough to allow for completion of the primary survey prior 
to placing a chest tube. However, i f needle decompression 
fails t o r everse t he c ollapse, a c hest t ube s hould i mmedi-
ately be placed. Clinically, a hemothorax may be difficult to 
distinguish f rom a t ension pneumothorax; however, t reat-
ment i s t he s ame f or b oth c onditions a nd a n x-ray i s n ot 
necessary prior to treatment. Massive hemothorax will not 
usually r espond t o n eedle d ecompression u nless t here i s 
an associated tension pneumothorax component. A t hree-
sided o cclusive d ressing t hat a llows a ir to e xit t he p leural 
space on expiration a nd prevents its return on inspiration 
can s tabilize a p atient w ith a n open pneumothorax. With 
massive open pneumothorax, intubation and positive pres-
sure ventilation may be necessary to overcome the defect.

Tube thoracostomy

Even in emergency situations, chest tube placement should 
be performed aseptically. ἀ e skin should be prepared with 
an antiseptic and sterile towels draped to expose the appro-
priate chest. ἀ e most i mportant l andmark i s the n ipple, 
which should b e v isible a fter d raping. Usually t he fifth or 
sixth i nterspace i s located at t he level of t he n ipple, a nd a 
skin incision is made one or two fingerbreadths below t he 
nipple in the anterior axillary line after anesthetizing with 
1% l idocaine. A h emostat i s t hen used to t unnel t he chest 
tube for 1–2 cm in the subcutaneous space. ἀ e hemostat is 
then inserted on top of the rib and pushed firmly until the 
pleural space is entered. If tension is present, this maneuver 
alone w ill a lleviate t he t ension a nd r estore h emodynamic 
stability. A n a ppropriate-sized c hest t ube i s t hen i nserted 
into t he p leural s pace ( Table 5 .4). M any p ediatric c hest 
tubes come with a sharp trocar, which should never be used 
to blindly place the chest tube. ἀ e trocar can be safely used 
as a stylet to help guide the tube into the previous dissected 
tunnel and entrance into the pleural space. It should always 
be pulled back 1–2 cm from the end of the chest tube, but 
can t hen h elp s tiffen the t ube f or e asier p lacement. ἀ e 
other method of inserting the tube would be to remove the 
trocar completely, grasp the tube in the end of a hemostat, 
and d irect i t t hrough t he t ract a nd i nto t he pleural space. 
ἀ e tube should be gently inserted until it is felt contacting 
the apex, then withdrawn 2 c m and secured with a s uture. 
Fogging of the tube should be noted on insertion, and tidal 
movement of the water seal chamber should be noted with 

ventilation. A chest x-ray is always obtained to check tube 
position.

Other chest injuries

One must keep in mind that pneumothorax may be associ-
ated with more severe injuries of the tracheobronchial tree. 
A large continuous air leak after chest tube placement or 
continued respiratory distress may signal a l arger tracheo-
bronchial i njury. B ronchoscopy i n t he O R should b e p er-
formed soon after the primary survey to diagnose the injury 
in those who fail to resolve their air leak, or who remain 
difficult to ventilate and oxygenate. If the air leak is on the 
left side, passing the endotracheal tube into the right main 
stem bronchus may temporarily allow adequate ventilation 
and oxygenation until it can be addressed operatively. Tidal 
volumes m ust b e d ecreased a nd r ate i ncreased t o a void a 
pneumothorax o n t he r ight s ide a s w ell. Bl ood l oss f rom 
a m assive h emothorax s hould c ontinuously b e m onitored 
to a void h ypotension a nd d etermine t he n eed f or t hora-
cotomy. I n g eneral, l oss o f m ore t han 2 0 m L/kg o f b lood 
from the chest with continued bleeding should be addressed 
surgically.

Although a true flail chest is rare in children, the compli-
ance of the chest wall frequently allows impact to cause an 
occult pulmonary contusion w ithout obvious r ib f racture. 
ἀ is u nderlying p ulmonary c ontusion a nd/or l aceration 
of the lung parenchyma c an result in respiratory distress. 
A l arge p ulmonary c ontusion c an r esult i n h ypoxia f rom 
severe ventilation–perfusion m ismatch. M anagement o f 
severe pulmonary contusion should aim to maintain the 
child i n a s tate o f e uvolemia [15]. A ttempts t o a void p ul-
monary e dema b y k eeping t he c hild h ypovolemic a re 
likely to result in hemodynamic instability and worsen the 
ventilation–perfusion mismatch. If the child is able to main-
tain saturation w ith spontaneous v entilation and s upple-
mental oxygen, the contusion is best treated with aggressive 
pain management, including epidural catheter or rib blocks 
to provide adequate pain control for aggressive chest phys-
iotherapy. A pulmonary contusion or flail segment causing 
severe paradoxical motion and hypoxia or hypercarbia is 
best managed with intubation and positive pressure venti-
lation. Keys to management include employing an aggres-
sive pulmonary toilet, providing sufficient t idal volume to 
prevent atelectasis, and maintaining a normovolemic state. 
Positive end expiratory pressure i s beneficial, a nd positive 
pressure ventilation is often needed for 2–3 days before the 
patient’s chest wall is stable enough to a llow for spontane-
ous ventilation.

Potentially l ife-threatening i njuries, w hich u sually d o 
not m anifest s ymptoms e arly i n e valuation, i nclude t rau-
matic aortic rupture and diaphragmatic rupture. ἀ e 
mobile m ediastinum t hat m akes t he c hild m ore s uscepti-
ble to tracheobronchial injuries makes the child less l ikely 
than the adult to sustain a torn aorta [16]. Although rare, an 
aortic injury should be suspected, especially in adolescents 
with c hest t rauma s econdary t o a s ignificant d eceleration 

Table 5.4 Chest tube size (French)

Size of patient (kg) Pneumothorax Hemothorax

<3 8–10 10–12
3–8 10–12 12–16
8–15 12–16 16–20
16–40 16–20 20–28
>40 20–24 28–36
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mechanism. Signs suggesting a torn aorta include the chest 
x-ray findings of a widened mediastinum, apical cap, left 
hemothorax, d eviated l eft main s tem b ronchus, d eviated 
nasogastric (NG) tube, or first and second rib fractures. In 
a s everely i njured p atient w ith m ultiple p otential s ources 
of hypotension, the p resence of a widened mediastinum 
should not interfere with completion of the primary survey. 
ἀ ere is the temptation to rush in to repair of the aorta due 
to its devastating consequences should it rupture. However, 
the unstable pelvis, bleeding liver and spleen, or open femur 
fracture must b e addressed prior to placing t he patient i n 
a thoracotomy position for repair of the torn aorta [17]. 
Hypotension i nduced b y a t orn a orta i s a cute i n o nset, 
extremely short in duration, and the patient expires rapidly.

Diaphragmatic rupture can result from a fall from exces-
sive height or crush injury to the chest and abdomen. Loss 
of diaphragmatic function as well as herniation of abdomi-
nal c ontents i nto t he t horax c an result i n respiratory d is-
tress. I t c an present s ubtly on c hest x-ray w ith l oss o f l eft 
diaphragm border, or obvious loops of bowel can be seen in 
the chest. Axial cuts on CT scan can miss a small defect as 
well. A plain film with NG tube in stomach noted above the 
diaphragm and/or upper gastrointestinal (UGI) with bowel 
in the chest is d iagnostic. Initial t reatment in the primary 
survey should be placement of a n NG tube to decompress 
the a bdominal c ontents i n t he c hest. ἀ e d iaphragmatic 
defect is most often repaired from an abdominal approach.

A n onlife-threatening c ondition c ommon i n p ediatric 
trauma v ictims t hat c an c ause s ignificant r espiratory d is-
tress i s m assive a erophagia. S mall c hildren w ho p resent 
to t he ED crying and screaming can swallow a s ignificant 
quantity of air and induce massive gastric distension. ἀ is 
aerophagia can result in increased abdominal girth, respira-
tory compromise, and emesis with potential for aspiration. 
ἀ is can be rapidly cured by early insertion of an NG tube.

Cardiac injury/ER thoracotomy

Blunt injury to the heart is rare in the child; however, it must 
be assumed with any penetrating trauma to the chest, espe-
cially if the wound is potentially transmediastinal. If a child’s 
cardiopulmonary status acutely deteriorates, bilateral chest 
tubes should be placed for the likely tension pneumothorax; 
if t hese fail to a lleviate t he condition, a p ericardiocentesis 
can be performed. Clinicians facile with focused assessment 
with sonography for trauma (FAST) may also check the epi-
gastric window for evidence of pericardial fluid. A positive 
pericardiocentesis for blood or positive FAST for pericardial 
fluid is an indication for urgent thoracotomy or sternotomy 
to identify a nd repair a c ardiac i njury. Myocardial contu-
sion is rare in children, but can occur in adolescent drivers 
who may sustain a s ignificant chest impact from the steer-
ing w heel. R arely i s a c ardiac c ontusion s evere en ough t o 
cause heart failure.

ER thoracotomy is a topic of debate in the literature and 
in many trauma centers. Even though children have much 
greater p hysiologic r eserve t han a dults, l oss o f v ital s igns 

that do not return with adequate cardiopulmonary resusci-
tation (CPR) prior to arrival in the ED is almost universally 
fatal. ἀ is i s e specially t rue w hen t he i njury i s s econdary 
to blunt trauma and does not warrant an ER thoracotomy. 
Over the years, a number of institutions have reviewed their 
success rate with ER thoracotomy in blunt trauma, and few 
if a ny s urvivors h ave b een n oted [18,19]. E ven t hose c hil-
dren whose v ital signs return with CPR prior to arrival in 
the ED have a 25% survival rate, at best, and two-thirds of 
those who do survive have significant impairment in one or 
more activities of daily l iving [20]. In contrast, an ER tho-
racotomy c an be l ifesaving w ith penetrating chest t rauma 
when vital signs are not lost until the child arrives in the ED.

Circulation

After a p atent a irway i s e stablished a nd a dequate v entila-
tion h as b een a ssured, t he d iagnosis a nd m anagement o f 
shock takes p recedence. E valuation o f t he c irculation i s a 
process t hat m ust b e p erformed s imultaneously w ith t he 
assessment o f the airway and b reathing. Successful treat-
ment of shock requires rapid recognition that the child is in 
shock and initiation of simultaneous treatment maneuvers. 
Direct  pressure may be required to control external bleed-
ing, e specially f rom s calp, n eck, a nd g roin w ounds. L ong 
bone and pelvic fractures should be stabilized with traction 
and splinting.

Pediatric physiology

In general, the physiologic concepts of hemorrhagic shock 
apply t o b oth c hildren a nd a dults. H owever, c hildren a re 
unique i n s everal a spects o f a natomy a nd physiology t hat 
make recognition of shock more d ifficult, but at t he s ame 
time p rovide t hem t remendous r eserve t o s urvive m any 
injuries compared to adults. Most notably, the variability in 
size and weight that one encounters in dealing with pedi-
atric trauma poses a p roblem in ensuring that appropriate 
equipment and medications will be available for the resus-
citation of the child.

Normal circulating blood volume in a child is 7%–8% of 
total body weight, 70–80 mL/kg. Although in relative terms 
the circulating volume is 20% greater than in adults, what 
may appear to be a small amount of blood loss can be very 
significant in a young child. A 200-mL estimated blood loss 
in a 10-kg child is equal to 25% of the child’s blood volume. 
Children also have a higher body-surface-area-to-mass 
ratio. ἀ is leads to an increase in insensible water loss that 
makes them susceptible to hypovolemia and increased heat 
loss, w hich c an l ead t o h ypothermia. I n e xtremely y oung 
children, hypothermia i s a m ajor problem associated w ith 
trauma resuscitation. Hypothermia aggravates pulmonary 
hypertension, h ypoxia, a nd a cidosis a nd r esults i n a s ig-
nificant increase in o xygen consumption. ἀ e e xtremely 
compliant mediastinum makes infants and children more 
susceptible to wide swings induced by tension pneumotho-
rax or hemothorax. Sh ifting of t he mediastinum not only 
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decreases v enous r eturn a nd c ardiac o utput, b ut c an a lso 
interfere with ventilation of the contralateral lung.

ἀ e clinician evaluating pediatric trauma must be famil-
iar with the wide variability in normal vital signs based on 
age. A pulse rate and blood pressure that are acceptable in 
an infant may indicate significant hypovolemia in an ado-
lescent (Table 5.5). ἀ e goal of management is to recognize 
that shock exists before the vital signs change. ἀ e signs of 
late hypovolemic shock are easy to recognize, but the clini-
cal presentation of early shock requires a high index of sus-
picion. ἀ e clinician must rely on subtle findings during the 
physical examination as well as the vital signs (Table 5.6).

Assessment

Shock i s a s tate i n w hich t here i s i nadequate d elivery o f 
oxygen to meet t he demands of t he child. Absolute values 
of blood pressure have l ittle to do with defining the shock 
state. A child with a normal blood pressure can be in shock, 
just as a child with low blood pressure can be well perfused 
and not in shock. ἀ e earliest warning signs that a child is 
in s hock i nclude s igns o f d ecreased s kin p erfusion (capil-
lary refill, temperature, and color), central nervous system 
perfusion (lethargy, inappropriate response to painful pro-
cedures, and lack of recognition of parents), pulses (tachy-
cardia and presence or absence of pulses), and falling blood 
pressure. With a quick physical exam, the physician should 
be able to readily estimate the degree of shock and estimate 

blood loss ( Table 5 .6). A fter t he a irway a nd breathing a re 
secured, most astute t rauma physicians palpate t he child’s 
feet o r h ands. A c hild w ho h as w arm feet w ith b ounding 
pedal pulses is not in hypovolemic shock. A child with 
cool feet, weak a nd t hready pedal pulses, depressed c apil-
lary refill, and mottled cool extremities is a lready i n sig-
nificant shock. ἀ e child with hypotension and a markedly 
depressed mental status is in late shock with blood loss up to 
40% of blood volume. Waiting until hypotension is present 
to begin treating shock is waiting too late.

ἀ ere are no laboratory tests or x-rays that can rapidly 
estimate the degree of blood loss and shock. In acute hem-
orrhage, t he hemoglobin level does not c hange i mmedi-
ately; it will fall only after compensatory fluid shifts have 
occurred and resuscitation has begun. ἀ e best laboratory 
predictor o f s hock a nd v olume l oss i s t he a rterial b ase 
deficit. Adult trauma surgeons have identified base deficit 
as a predictor of survival, and recently this test has been 
demonstrated t o b e predictive o f morbidity a nd mortal-
ity i n p ediatric t rauma v ictims [ 21–23]. A s a naerobic 
metabolism is increased in response to inadequate t issue 
perfusion, lactic acid is produced. Most anxious children 
hyperventilate, which helps compensate for t he develop-
ing metabolic a cidosis. I f s hock p ersists, the metabolic 
acidosis w orsens. S odium b icarbonate c an i mprove t he 
laboratory v alues o btained, b ut u ntil the c ause of s hock 
is a ddressed a nd r esuscitation i s i nitiated, t he o verall 
clinical p icture w ill n ot i mprove. S odium b icarbonate 

Table 5.6  Systemic response to blood loss in pediatric trauma patients

System <25% blood loss 25%–45% blood loss >45% blood loss

Cardiac Tachycardia Weak, thready pulse, and 
tachycardia

Hypotension, tachycardia to 
bradycardia

CNS Lethargic, irritable, and confused Changing level of 
consciousness and dulled 
response to pain

Comatose

Skin Cool and clammy Cyanotic, decreased capillary 
refill, and cold extremities

Pale and cold

Renal Normal urine output, increased 
specific gravity

Decreased urine output No urine output

Source:  From American College of Surgeons Committee on Trauma. Pediatric Trauma in Advanced Trauma Life Support for Doctors, 
Instructor Course Manual, Chicago, 1997.

Table 5.5  Normal vital signs by age

Age Weight (kg)
Heart rate 
(beats/min) Pressurea (mmHg)

Respirations 
(breaths/min)

Urine output 
(mL/kg/h)

0–6 Months 3–6 160–180 60–80 60 2
Infant 12 160 80 40 1.5
Preschool 16 120 90 30 1
Adolescent 35 100 100 20 0.5
Total 998 908 90

Source: From American College of Surgeons, Advanced Trauma Life Support for Doctors Instructor Manual, Chicago, 2013.
a Systolic blood pressure should be 80 + 2 age (years).
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has not been shown to improve survival and may aggra-
vate any existing respiratory acidosis with increased CO2 
production [24,25].

IV access

In order to resuscitate the child from shock, IV access is a 
must. In t he very young, t his can pose more of a p roblem 
than s ecuring t he a irway. At t he s ame t ime t hat a ccess i s 
being e stablished, b lood s hould b e d rawn f or a s tandard 
trauma laboratory panel. A specimen for typed and crossed 
blood must be sent early i n t he resuscitation. Establishing 
two large-bore p eripheral intravenous (PIV) c atheters is 
clearly the first choice for resuscitation [1]. A short catheter 
should be chosen to minimize resistance to flow. ἀ is can 
be a daunting task in a small, hypovolemic child. Preferably, 
lines should be placed above and below the diaphragm. ἀ e 
most d esirable s ites f or P IV a ccess i nclude p ercutaneous 
IVs in the antecubital fossa, distal saphenous vein, or other 
peripheral vein. ἀ e veins are usually more superficial than 
initially anticipated. Another tip is to rotate the needle and 
angiocath 180° so that the bevel hooks under the venotomy 
and ensures that the angiocath will thread into the vein.

Previous t exts h ave r ecommended a d istal s aphenous 
vein c utdown i n t he e vent t hat peripheral l ines c annot be 
obtained. However, this can be tedious and extraordinarily 
difficult e ven f or s easoned p ediatric s urgeons. A fter 2 –3 
attempts at a P IV, the patient should have an intraosseous 
catheter placed, especially if the patient is not at a pediatric 
trauma center.

Other options include a percutaneously placed central 
venous catheter. In elective circumstances, the jugular or 
subclavian a pproach w ould be p referred. H owever, i n t he 
ED environment, and with the possibility of cervical spine 
trauma, t he r isk of pneumothorax or spine i njury may be 
prohibitory. T emporary c annulation o f t he f emoral v ein 
with a large-bore IV catheter or venous introducer provides 
central venous access in a timely fashion. Femoral catheters 
should be removed as soon as possible as long-term use may 
increase the risk of venous thrombosis [26]. ἀ e line must be 
placed as aseptically as possible, and many trauma surgeons 
demand that all lines placed in the field or ED be removed 
once the patient is stable in the hospital. ἀ e groin is ster-
ilely prepped and draped and the femoral pulse is palpated. 
With a finger over t he palpable a rterial pulse, t he femoral 
vein is aspirated with a needle and syringe just medial to the 
palpable pulse. A w ire is t hreaded by Seldinger technique, 
and the line placed over the wire. Long multiple lumen 
catheters s hould b e a voided d ue t o t he r esistance t o flow. 
A single lumen six French catheter introducer, if available, 
or even a large-bore angiocath should be sufficient for large 
volume resuscitation.

In children less than 6 years old, intraosseous (IO) infu-
sion provides a rapid and safe route of success. Blood prod-
ucts, fluids, and medications can be given through this type 
of catheter [27,28]. Although not a good long-term route 
of I V a ccess, i t a llows t he i nitiation o f fluid r esuscitation, 

and with improved circulatory status, a peripheral route of 
venous access may become feasible. Complications with IO 
needles a re rare i f placed appropriately. A 1 6- or 18-gauge 
bone marrow aspiration needle is placed in the tibia, 2–3 cm 
below t he t ibial t uberosity, a ngled s lightly a way f rom t he 
growth plate. If the tibia is fractured, it can be placed in the 
femur 3 cm above the femoral condyle. ἀ e humeral head is 
an alternative site for IO access that has become more popu-
lar in recent years.

In all pediatric trauma victims, percutaneous PIV access 
should be attempted first. If this fails in a child less than one, 
and a pediatric surgeon or intensivist is not available, an IO 
line s hould b e obtained a nd t he c hild t ransferred a s s oon 
as p ossible. I n t he c hild 1–6 y ears o f a ge, a p ercutaneous 
femoral line may be feasible prior to resorting to an IO line. 
Most children over 6 years of age have veins of sufficient size 
for percutaneous peripheral placement. If in extremis and 
access is difficult, a femoral central line or IO line would be 
the best choices for access.

Resuscitation

Once s hock h as b een i dentified a nd I V a ccess h as b een 
obtained, resuscitation should be initiated. Many algorithms 
for resuscitation exist, and most are based on ATLS recom-
mendations (Figure 5.1). ἀ e most recent ATLS guidelines 
for a dult t rauma p atients r ecommend l ess fluid r esuscita-
tion w ith c rystalloid a nd e arlier t ransfusion o f b lood a nd 
blood products [29]. In the prehospital setting, management 
of h emorrhage a nd s hock i ncludes e arly r apid c rystalloid 
replacement. H owever, w hether the u se o f a ggressive p re-
hospital fluid resuscitation improves mortality is a matter of 
debate. IV fluid resuscitation should not be reason to delay 
patient t ransport t o a d efinitive c are f acility [ 30]. U pon 
arrival to the trauma bay, any injured child who shows clini-
cal signs of hypovolemic shock should have prompt surgical 
consultation. A 2 0-mL/kg bolus of lactated ringers or nor-
mal saline is given as soon as shock is suspected. Response 
to this bolus is monitored. It may be repeated once or twice 
if perfusion is not improved. If after a second bolus of crys-
talloid the child is still clinically in shock, a 10-cm3 kg bolus 
of cross-matched packed red blood cells (or type-specific or 
O-negative cells) should be given, in addition to the equiva-
lent a mount of f resh f rozen plasma. A lthough not studied 
as extensively in the pediatric population, the adult trauma 
literature s uggests r esuscitation s hould b e c ontinued s o 
that t he patient receives packed red blood c ells, f resh f ro-
zen p lasma, a nd p latelets i n a 1 :1:1 r atio. A t t his p oint i n 
the resuscitation, if the child is not in an institution capable 
of handling a hemodynamically unstable child, preparation 
for transfer should be initiated. Furthermore, surgical con-
sultation is needed immediately. Children with stable spleen 
and liver lacerations, as well as stable fractures, will usually 
stabilize after a 10-cm3/kg bolus of packed cells. ἀ ose who 
do not and continue to exhibit signs of hypovolemic shock 
are l ikely t o n eed t heir p rimary s urvey c ompleted i n t he 
OR. ἀ e primary survey i s not complete u ntil t he child i s 
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hemodynamically stable and does not have an ongoing fluid 
requirement. Until that time, if an adequate airway and ven-
tilation are confirmed, hypovolemic shock must be assumed 
and a source sought and treated.

Conclusion

Initial management of the pediatric trauma victim is simi-
lar to that of the adult trauma victim. However, it requires 
sufficient k nowledge o f t he p hysiologic a nd a natomic d if-
ferences b etween c hildren a nd a dults. S uccessful m an-
agement r equires a dequate a ssessment a nd c ontrol o f t he 
airway, breathing, and circulation. Evaluation of the ABCs 
is a dynamic process that requires simultaneous assessment 
and r esuscitation, a s w ell a s p ersistent r eassessment u ntil 
the c hild i s well oxygenated a nd hemodynamically s table. 
Although c lass I a nd c lass I I d ata a re r are i n t he c urrent 
literature, g uidelines such a s t hose developed t hrough t he 
ATLS p rogram c an b e u sed t o s uccessfully m anage m ost 
pediatric trauma victims.
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6
Clearance of the cervical spine in children

LINDSAY J. TALBOT and BRIAN D. KENNEY

Immobilization of the cervical spine at the scene of injury 
represents s tandard of c are i n prehospital m anagement of 
pediatric t rauma patients. Exclusion of injury aἀer formal 
trauma evaluation and the decision to discontinue immobi-
lization (“cervical spine clearance”) can be straightforward 
in a wake a nd a symptomatic p atients b ut c hallenging i n 
preverbal or very young children, patients with severe trau-
matic b rain i njury ( TBI), i ntoxicated p atients, o r p atients 
with o therwise i mpaired c onsciousness. These c hallenges 
are heightened by the unique anatomy and injury patterns of 
pediatric trauma patients, which make their evaluation dif-
ferent from that of most adult trauma patients. Expeditious 
clearance o f t he cervical spine i s important to a void t he 
complications o f s pinal i mmobilization t hat i nclude p ain, 
decubiti, a nd a spiration. D ebate e xists a round t he u se o f 
various i maging m odalities f or c ervical s pine c learance 
in children and when t hey should be employed, especially 
considering the need to reduce radiation exposure in chil-
dren due to the risk of future malignancy. This chapter will 
discuss the unique aspects of pediatric cervical spine anat-
omy, injury patterns, and evaluation. Current practice will 
be reviewed, as well as a summary derived from published 
protocols providing guidance for cervical spine clearance in 
children.

Epidemiology

There a re a pproximately 1300 n ew c ases o f c ervical s pine 
injury i n c hildren p er y ear i n t he U nited S tates, f or a n 
incidence of 18.1 injuries per million children per year [1]. 
Cervical spine i njury i n children accounts for 1%–1.5% of 
pediatric trauma admissions [2,3]. About 60%–80% of spinal 

injuries in children are in the cervical spine. Victims tend to 
be male, with a 1.5:1–2:1 male–female ratio [2]. Injuries are 
most commonly seen in the adolescent age group, followed 
by s chool-age c hildren, a nd m echanisms i nclude m otor 
vehicle c ollisions ( MVC), f alls, a nd s ports-related i njuries 
[4]. The distribution of injury type is different among differ-
ent age groups in the pediatric population. Large series have 
shown that children less than 8 years old have a predisposi-
tion to occipitoatlantoaxial complex injuries as well as pure 
ligamentous i njuries a s o pposed t o f ractures [2]. I n t hese 
cases younger age and a h igh energy mechanism of injury 
are predisposing factors. A recent retrospective review from 
Johns Hopkins noted a 40%–60% rate of C4 or higher inju-
ries in children less than 9 years old, while adolescents suf-
fered high injuries in only 37% of cases [4]. In children 9–16 
years of age, subaxial cervical spine injuries tend to occur 
between C5 a nd C7, consistent w ith t he approximation of 
their cervical anatomy to that of adults [5]. Unfortunately, 
cervical spine injuries in patients younger than 8 years have 
a h igher i ncidence o f n eurologic d eficit (62% v ersus 4 7%) 
and h igher m ortality (15%–28% v ersus 11%) c ompared t o 
older children and adults [6].

Infants r epresent a s pecial s ubpopulation d ue t o t heir 
inability to communicate, and most published series exclude 
infants less than 1 year of age from analysis, making extrap-
olation of e xisting d ata d ifficult. I n a r ecent report of 9 05 
infants less than 1 y ear of age sustaining low-impact head 
trauma, the incidence of spinal injury on imaging was 0.2% 
[7]. However, although rare, spinal injuries in this age group 
have been shown to be much more devastating. A report of 
206 children less than 9 years of age presenting with spinal 
injury indicates a 25% in-hospital mortality for children less 
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than 3 years of age and a 9% in-hospital mortality in the 3–9 
years age group [8].

Unique pediatric cervical spine anatomy

The cervical spine in children displays unique biomechanics 
during injury. The fulcrum of motion is at the C2–C3 level, 
rather than the adult C5–C6, which predisposes children to 
high cervical spine injuries. In addition, the spinal column 
itself is more mobile due to ligamentous laxity, shallow facet 
joints, u nderdeveloped s pinous processes, a nd physiologic 
anterior w edging. The l arge h ead a nd w eak n eck m uscles 
common t o y ounger c hildren c ombine w ith t he m obile 
spine to allow high shear and torque forces during injury. 
The unique anatomy of the cervical spine in children exists 
up to the age of 8–10 years, and by 10–12 years approaches 
adult proportions with similar clinical sequelae of injury [9].

The pediatric spine also has a number of normal variants 
not commonly encountered in adults which can confound 
the interpretation of imaging. These include pseudospread 
of t he a tlas o n t he a xis ( pseudo-Jeffersonian f racture) i n 
children up to 7 years of age, physiologic pseudosubluxation 
of C 2 on C 3 i n c hildren l ess t han 8 y ears o f a ge, a bsence 
of l ordosis, w idening o f p revertebral soἀ t issues, a nd t he 
presence of ossification centers that can mimic fractures [9]. 
Pseudosubluxation of C2 on C3 is present in 19% of normal 
children less than 7 years old; less commonly it can be seen 
at C3–C4.

These anatomic and functional differences have implica-
tions for injury diagnosis. A r eport f rom Seattle described 
37 children who were diagnosed by imaging with acute cer-
vical s pine i njury. O n b linded review by a s enior r adiolo-
gist, 19% of the cases were found to have been misdiagnosed 
based on initial emergency room imaging evaluation. When 
examined f or t he c ause o f m isdiagnosis, five o ut o f s even 
of the mistakes were related to misinterpretation of normal 
and developmental variants [10]. This effect was most preva-
lent in children less than 8 years old.

During i mmobilization i n t he field, t he p rominent 
occiput of younger children results in cervical flexion even 
when a h ard collar is em ployed. P rehospital responders 
should be aware of this phenomenon and should use either 
an occipital recess or thoracic elevation in order to stabilize 
the cervical spine in line.

Common patterns of injury

The a natomic a nd f unctional d ifferences o f t he p ediatric 
spine result in unique patterns of injury, especially in chil-
dren less t han 8 y ears of a ge. These children tend to have 
higher percentages of h igh cervical spine injury (occiput 
through C 2) c ompared t o o lder c hildren, i n t he r ange o f 
60%–70% of all cervical spine injuries in this age group. High 
C-spine injuries in children include occiput-C1 dislocations 
and distraction, a tlas or Jefferson fractures (especially in 
adolescents), rotary subluxation of C1 on C2 in young chil-
dren, and l igamentous disruption of the atlantoaxial joint, 

which can result in severe neurologic injury. C2 f ractures, 
especially odontoid fractures, are the most common cervical 
fractures in children. Subaxial injuries are much less com-
mon in younger children and in pediatric patients tend to 
be associated with adolescents and with sports-related and 
motor v ehicle a ccidents [6]. O ne p articular l ower c ervical 
spine fracture seen more commonly in children is hyperex-
tension teardrop fracturing of the anterior–inferior corner 
of the vertebral body. This is more commonly observed in 
children than in adults due to the more osteopenic bone of 
the immature spine [11].

Infants less than 1 year of age are at extremely low risk of 
cervical spine injury in the setting of a l ow energy mecha-
nism (e.g., falls < 10 feet). However, victims of nonaccidental 
trauma or infants suffering high-energy mechanisms such 
as MVCs a re at h igher r isk of cervical spine injury due to 
the e xtreme l axity o f t heir l igaments, w eak m usculature, 
and l arge heads w ith t he en suing p otential for h igh shear 
and torque forces on the spinal cord.

Spinal cord injury without radiographic abnormality

Spinal c ord i njury w ithout r adiographic a bnormality 
(SCIWORA) is a common phenomenon in children relative 
to adult trauma victims. Ninety percent of SCIWORA cases 
occur in the pediatric population [1]. This is defined as cer-
vical spine injury, occasionally severe d isruption, which is 
seen without evidence of bony abnormality on plain radio-
graphs o r c omputerized t omography ( CT). O f n ote, t his 
includes absence of abnormality on both static and dynamic 
(flexion/extension) films. The likely mechanisms include the 
relative inelasticity of the spinal cord relative to the highly 
mobile s pine, l igamentous d isruption, a nd p ossible i sch-
emia from vessel injury or spinal hypoperfusion [9]. Extra-
axial hemorrhage can also result in spinal cord injury in the 
absence of bony findings [11]. Neonates and infants suffer-
ing from nonaccidental trauma are particularly predisposed 
to this injury. In the largest reported series of pediatric cer-
vical spine injury, in those patients with spinal cord injury, 
approximately half demonstrated no radiographic evidence 
of bony injury [12]. While this is a phenomenon of chil-
dren, its occurrence is rare. A r ecent report f rom Ontario, 
Canada, demonstrated that out of 578 patients with verte-
bral trauma, the incidence of associated spinal cord myelop-
athy was 8%, and of those patients, only 3 had SCIWORA. 
Of t hese, t he magnetic resonance imaging (MRI) findings 
included cord contusion in two and central disk herniation 
in one; for the cord contusion patients, the deficit was found 
to be permanent. Analysis of several single institution series 
for incidence of S CIWORA among p atients with d ocu-
mented traumatic spinal cord injury reveals an incidence of 
4%–28% a nd a m ean i ncidence o f 14% [13], meaning t hat 
in 86% of cases, injury will be observable on radiographic 
studies.

MRI is required in these cases to identify spinal cord or 
ligamentous injury. In the unconscious child, some experts 
advocate proceeding directly to MRI for cervical spine eval-
uation if the duration of impaired consciousness is expected 
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to be prolonged past 72 hours [1]. Of note, controversy exists 
over w hether c ervical spine i mmobilization i s required i n 
cases of extraneural MRI findings (e.g., ligamentous injury) 
if dynamic films reveal stability of the cervical spine. Some 
centers n ow recommend abbreviated immobilization 
(2  weeks) w hen t he p atient i s a symptomatic a nd h as only 
extraneural MRI findings [2].

Initial stabilization and treatment 
recommendations

Protection of the cervical spine should be part of the initial 
response to evaluation of children with significant trauma. 
Early cervical spine i mmobilization a llows for attention to 
Advanced T rauma L ife S upport ( ATLS)-guided r esuscita-
tion. Soft collars do not provide immobilization, and there-
fore hard collars should be used in this situation. A v ariety 
of such collars are in use, and those most commonly used are 
the Philadelphia and Miami Junior collars. There is no direct 
comparative study of the differences between these options.

A d etailed p hysical e xamination i s c onducted d uring 
the secondary survey to evaluate for superficial injury over 
the spine, hematoma, misalignment, tenderness, and focal 
neurologic deficits. A ἀer s tabilization a nd assessment, t he 
physician m ust d ecide w hether r adiologic e valuation i s 
indicated, and if so, which modality to employ.

Clinical examination

A significant body of evidence suggests that, in the absence 
of clinical or physical exam findings concerning for cervi-
cal s pine i njury, a n u nderlying or m issed i njury i s h ighly 
unlikely to be present. This observation has been published 
primarily i n the l ast 10 y ears a nd involves several m ulti-
institutional studies relying on prospectively collected data.

In a s ubgroup a nalysis o f t he N EXUS s tudy, w hich 
sought t o i dentify a r isk s tratification s ystem f or b lunt 
trauma v ictims w ith p otential c ervical s pine i njury, n o 
pediatric patients who met low-risk NEXUS criteria were 
found to h ave a c ervical s pine i njury. C linical c riteria of 
the N EXUS i nstrument i nclude p resence o f a f ocal n eu-
rologic deficit, m idline spinal t enderness, a ltered level of 
consciousness, p resence o f i ntoxication, a nd p resence o f 
a d istracting i njury. Patients w ith a bsence of a ll o f t hese 
findings w ere c ategorized a s l ow r isk. The a uthors n ote 
that in the medical literature as a whole, there are no cases 
of a c hild with an occult cervical spine injury that would 
have m et N EXUS l ow-risk c riteria. W hile t he s tudy w as 
underpowered to safely recommend g lobal application of 
these c riteria i n p ediatric t rauma p atients, t hese r esults 
certainly s upport t he c orrelation o f a n egative c linical 
examination with a very low likelihood of occult cervical 
spine injury [3].

A large multi-institutional study through the American 
Association for the Surgery of Trauma was reported in 2009, 
in w hich over 12,000 t rauma p atients l ess t han 3 y ears of 
age were examined for cervical spine injuries. An incidence 

of cervical spine injury of 0.66% was identified in this age 
group, and of those patients, only eight of the injuries were 
associated with injury to the spinal cord itself. Four inde-
pendent predictors of cervical spine injury (Glasgow Coma 
Scale [GCS] ≥ 14, GCSeye = 1, MVC mechanism, and age ≥ 
2 years) were identified by multivariate analysis and assimi-
lated i nto a s coring s ystem. A s core o f < 2 w as c onsidered 
low risk. In the pediatric trauma cohort, >70% met low-risk 
criteria. A s core o f < 2 h ad a n egative p redictive v alue o f 
99.9% for t he presence of cervical spine i njury [14]. Using 
this algorithm, there were no missed cervical spine injuries.

Most r ecently, t he P ECARN n etwork c onducted a 
17-center c ase-control s tudy i n w hich p ediatric b lunt 
trauma victims sustaining cervical spine injury were com-
pared to three separate sets of case-matched controls. Five 
hundred and forty cases of cervical spine injury were identi-
fied. Aἀer analysis, eight factors were identified which were 
associated with cervical spine injury: altered mental status, 
focal n eurologic findings, n eck p ain, t orticollis, s ubstan-
tial torso i njury, conditions predisposing to cervical spine 
injury ( e.g., v arious c onnective t issue d isorders, p revious 
cervical spine surgery, etc.), diving, and MVC. The presence 
of one of these eight risk factors was 98% sensitive for detec-
tion of cervical spine injury in this patient population, and 
in the patients with cervical spine injury who did not have 
any of t he e ight r isk f actors, normal neurologic outcomes 
were reported [15].

Taking t hese findings t ogether, s ix v ariables a re c om-
mon to multiple models of cervical spine injury risk: altered 
mental s tatus, f ocal n eurologic d eficit, c omplaint o f n eck 
pain a nd tenderness, substantial injury to t he torso, h igh-
risk motor vehicle crash, and diving. The sensitivity of these 
six variables for detecting cervical spine injury is estimated 
at 97% [15].

Diagnostic modalities

In t hose p atients w ho d o d isplay c linical findings c on-
cerning f or c ervical s pine i njury, a v ariety o f d iagnostic 
modalities a re a vailable i ncluding p lain r adiography, 
CT, a nd M RI. I n t he p ediatric p opulation t he u se o f C T 
is c ontroversial. C T o f t he c ervical s pine i s b ecoming 
much m ore c ommon, w ith a s ixfold i ncrease i n t he l ast 
20 y ears. M uch o f t hat i ncrease h as b een c ervical s pine 
and chest i maging i n blunt t rauma patients. A p erceived 
advantage of CT over plain film radiography, supported 
by the adult l iterature, is weighed against the known risk 
of future malignancy related to radiation exposure in chil-
dren, specifically to the thyroid, which is within the radia-
tion field and is intrinsically radiosensitive. Additionally, 
the relative rarity of cervical spine injuries in children as 
opposed t o a dults s uggests t hat t he s ame i maging p ara-
digms c annot be applied equally i n t he t wo populations. 
Recent efforts have focused on delineation of t he relative 
sensitivity o f t he v arious i maging modalities i n c hildren 
and on the definition of criteria for which imaging should 
be escalated to cross-sectional modalities.



66 Clearance of the cervical spine in children

Plain radiography

Plain r adiography c an r ange f rom a s ingle l ateral c ervi-
cal spine film as a s creening tool to a s eries of three to five 
views of the cervical spine. The common views include lat-
eral, anterior/posterior, odontoid (open mouth), swimmer’s 
view, a nd bilateral oblique v iews of t he neck. I n a ll c ases, 
the technical adequacy of the study is of great importance. 
Inadequate i maging, especially of t he craniocervical junc-
tion and the cervicothoracic junction, is frequently cited as 
a criticism of the use of plain radiography.

The PECARN network evaluated the sensitivity of plain 
radiograph in cervical spine injury detection in a report by 
Nigrovic e t a l. A ll p atients l ess t han 16 years o ld s ustain-
ing blunt t rauma-related c ervical spine i njury were e valu-
ated, a nd p atients w ith a t l east t wo v iews o f t he c ervical 
spine were included. The estimated sensitivity was 90% in 
all patients, and was better for older children (93%) than for 
children less than eight (83%). The estimated sensitivity for 
ligamentous versus fracture injury was similar at 88% and 
91%, r espectively. O nly 10% w ere f ound t o b e i nadequate 
studies [16].

Further studies have evaluated the utility of adding views 
to t he t raditional l ateral c ervical s pine r adiograph. S ilva 
et al. described a retrospective single institution series of 234 
patients undergoing cervical spine radiographs and cervical 
spine CT, which was used as the reference standard. The sen-
sitivity of lateral radiograph a lone was 73% w ith specificity 
of 92%. The addition of further views (A/P, odontoid, swim-
mer’s, flexion/extension, or oblique) did not change either the 
sensitivity or the specificity of the study [17]. Oblique imag-
ing i n c onjunction w ith t hree-view r adiography h as b een 
thought t o i mprove i maging o f t he p osterior e lements o f 
the spine, subluxations, and neural foramina impingement. 
In a r eport f rom B oston, 109 c hildren w ith b oth s tandard 
three-view imaging (A/P, lateral, and odontoid) and oblique 
imaging were analyzed for utility of the oblique view in aid-
ing d iagnosis. The oblique v iew failed to improve detection 
of cervical spine injury in all imaged patients and in 96% of 
imaged patients for whom standard three-view imaging had 
revealed a n a cute a bnormality. This c alls i nto q uestion t he 
utility of the oblique view in children [18].

The cervicothoracic junction is a common site of inad-
equate i maging in lateral radiography. In a n effort t o 
improve the quality of the lateral cervical spine radiograph 
in children, Kulaylat et al. performed a retrospective study 
of p atients w ho h ad t raditional d ownward i nline t raction 
applied to t he arms a nd s tandard c ervical s pine stabiliza-
tion compared to cephalic stabilization, which added gentle 
upward inline traction. Adequacy of cervicothoracic junc-
tion v isualization was a ssessed by a c ase-controlled retro-
spective review. Cephalic stabilization resulted in improved 
cervicothoracic junction visualization, with an odds ratio of 
3.8. When stratified by age, those patients less than 12 years 
old were significantly more l ikely to have adequate v isual-
ization, with odds ratios of 6.5 for patients less than 4 a nd 
7.1 for patients 5–12 years old [19].

Flexion/extension (dynamic) radiographs

Patients w ith s ymptoms o f p ain o r t enderness w hose i ni-
tial s creening r adiographs a re n ormal o ἀen u ndergo flex-
ion and extension films in the erect position to evaluate for 
ligamentous injuries which result in instability (Figure 6.1). 
The value of these additional films has been questioned in 
children [20]. A retrospective comparison of static cervical 
films followed by flexion/extension films concluded that the 
additional films were not helpful when plain films were nor-
mal (no acute abnormality or loss of normal lordosis) [21]. 
A report of 247 children by Dwek and Chung as well noted 
that in children with normal static cervical radiographs, no 
additional information or abnormality was noted with flex-
ion/extension films. Additionally, in cases where t he child 
is u nable t o f ollow i nstructions o r p articipate f ully i n t he 
dynamic component of the exam, these films are by defini-
tion limited.

Cervical spine CT

Axial C T s cans w ith s agittal r econstruction c an h elp 
evaluate the extremes of the upper or lower cervical spine 
when they are difficult to see on plain films or to elucidate 

Figure 6.1 C7 compression fracture sustained by a 
15-year-old who fell 8 feet from a swing.
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abnormalities s een o n p lain r adiography ( Figures 6 .2 
through 6.4). C T c an a lso a ssist t o d ifferentiate b etween 
the normal variants of pediatric anatomy described in the 
section Unique pediatric cervical spine anatomy and actual 
traumatic injury.

The additional radiation exposure incurred by CT scan-
ning i s o f p articular c oncern i n t he p ediatric p opulation, 
in whom cell turnover is high, development is incomplete, 
and the length of time available for mutation accumulation 
is longer than in adult patients. Based on data from atomic 
bomb survivors, Dr. David Brenner estimates the r isk of a 
child developing a fatal cancer from the radiation exposure 
of a single CT scan is 1:1000 [22].

Several g roups h ave e stimated t he r isk o f c ancer f rom 
radiation exposure incurred during cervical spine CT. Out 
of e very 1 00,000 p atients u ndergoing c ervical s pine C T, 
the r isk of a ll c ancers ranges f rom 100 i n males to 700 i n 
females ( 0.1%–0.7%). S pecific t o t hyroid c ancer, f or e very 
100,000 p atients u ndergoing c ervical s pine C T, r eference 

ranges are from 1.9 to 60 cases in males, and 5.3 to 330 cases 
in females [23]. In a t heoretical s tudy of t hyroid radiation 
exposure, Muchow et al. compared the radiation dose from 
plain c ervical r adiography t o t hat i ncurred a ἀer c ervical 
CT in 617 patients less than 18 years of age. Absorbed thy-
roid radiation was calculated at 0.9 mGy for males and 0.96 

Figure 6.2 A 4-year-old who struck a table after jumping 
from a chair. The minimal anterior tilt of the odontoid 
process relative to the vertebral body of C2 was difficult 
to interpret because of the synchondrosis. The fracture 
was confirmed by the finding of abnormal irregular 
lucency along the base of the odontoid on a 3D recon-
struction of thin-cut computed tomography.

(a)

(b)

Figure 6.3 (a) Motor vehicle injury in a 17-year-old patient 
resulting in fractures through the posterior neural arch 
of C1 and pedicles of C2 with anterior displacement. 
(b) Further definition of fractures was aided by computed 
tomography.



68 Clearance of the cervical spine in children

mGy for females in plain radiography, whereas CT resulted 
in d oses o f 6 3.6 m Gy i n m ales a nd 6 4.2 m Gy i n f emales. 
This s tudy c alculated t he mean excess relative r isk of t hy-
roid cancer induction from one cervical spine CT to be 13% 
in males a nd 25% i n females, whereas t he r isk f rom plain 
radiography was 0.24% in males and 0.51% in females [24]. 
Finally, J imenez e t a l. [25] described t he radiation dose to 
the t hyroid of 3 63 c hildren u ndergoing head a nd c ervical 
spine C T. A nthropomorphic d osimetry p hantoms w ere 
employed t o represent c hildren a ged 0 –8 years. R adiation 
exposure from CT versus three separate options for plain 
radiograph sequences was calculated. This was calculated at 
90–200 times higher radiation exposure from CT compared 
to plain radiographs, and the mean excess relative r isk for 
thyroid cancer w as c alculated t o b e 2 .0 f or children 0 –4 
years old and 0.6 for children 5–8 years old [25].

While CT certainly results in higher radiation exposure 
to c hildren, i t m ay a lso provide m ore s ensitive a nd r igor-
ous i maging o f t he c ervical s pine t han p lain r adiograph 
sequences. The r eported s ensitivity i n h igh-risk a dult 
patients h as been reported to b e 95% with specificity of 
93% for detection of cervical spine injuries [26]. Rana et al. 
described 318 pediatric patients imaged for potential cervi-
cal spine injury. C T scan was found to b e 100% sensitive, 
97% specific, with a positive predictive value of 79% for cer-
vical spine injury. No injuries were missed in the CT-imaged 
patients. Plain radiograph sequences resulted in five false 
negatives w hich were s ubsequently identified on C T s can, 
but these injuries were of questionable clinical significance, 
as they required no subsequent intervention. The sensitivity 
in this series of plain radiography was 62%, with a specific-
ity of 1.6% and a positive predictive value of 62% [27].

Current practice in the use of CT versus plain film radi-
ography v aries d epending o n s etting a nd t he t raining o f 

the evaluating physician. A s urvey of emergency medicine 
physicians using a clinical vignette of possible cervical spine 
injury i ndicated t hat g eneral em ergency m edicine p hysi-
cians were four t imes more l ikely to order C T s cans t han 
pediatric-trained em ergency m edicine p hysicians [ 28]. I n 
a retrospective statewide review in Massachusetts, patients 
presenting to a c ommunity hospital i nstead of to a l evel 1 
trauma center were more likely to undergo CT scan with an 
odds ratio of 2.2. There was a trend toward increased use of 
CT scanning in adult versus pediatric trauma centers with 
an o dds r atio o f 2 .1 [29]. Adelgais e t a l. r ecently reported 
that, despite a stable rate of cervical spine injury between 
patients presenting to pediatric trauma centers and general 
emergency departments over the last decade, the prevalence 
of c ervical s pine C T s can i ncreased b y 9 .6% i n p ediatric 
centers a nd b y a m uch h igher 2 7% i n g eneral em ergency 
rooms [30]. An analysis of the Pediatric Health Information 
System database indicated that over the last decade the use 
of plain film radiography for cervical spine injury diag-
nosis h as d ecreased by 2 4% a nd t hat o f C T h as i ncreased 
by 11%. Of those children who received cervical spine CT, 
many were e ither d ischarged w ithin 72 hours or had low-
risk mechanisms of injuries. While an administrative data-
base does not include information about symptoms or other 
risk criteria, t he study does suggest t hat overall use of CT 
is increasing while plain film use is decreasing in pediatric 
patients despite concern about radiation exposure [31].

Cervical spine MRI

MRI provides excellent detail of soἀ t issue injuries, includ-
ing vessel injuries, ligamentous disruption, disc herniation, 
and spinal cord injury or hematoma (Figure 6.5). Fractures 
are n ot a lways s een o n M RI; t herefore, p lain r adiographs 
should precede MRI studies.

In a study by Junewick et al. [32], children who under-
went cervical C-spine CT and then had a s ubsequent MRI 
performed during the same presentation were examined for 
the incidence of occult craniocervical junction injuries. Of 
45 patients meeting inclusion criteria, 30 (67%) had a posi-
tive MRI finding in the setting of a negative cervical spine 
CT, a nd 17 (38%) h ad findings t hat m et c riteria f or a s ig-
nificant craniocervical junction injury [32]. Most of these 
patients were less than 8 years of age, and the most common 
mechanism of injury was motor vehicle accidents.

There is considerable interest in whether MRI provides 
an a dvantage i n c ervical s pine e valuation f or o btunded 
patients or those with severe traumatic brain injury. These 
patients a re u nable to participate i n a c linical exam, a nd 
therefore c oncern e xists t hat e ven w ith a n egative c ervi-
cal s pine CT, a p otentially u nstable ligamentous i njury 
could b e m issed. The d ata a re l imited o n t his s ubject. 
Flynn e t a l. [33] reported t heir e xperience w ith a n i nsti-
tutional protocol incorporating cervical MRI in p atients 
with h igh r isk for c ervical s pine i njury w ho met t he fol-
lowing c riteria: (1) o btundation o r n onverbal c hild w ith 
suspicious mechanism, (2) neurologic symptoms w ithout 

Figure 6.4 Cervical spine film of a 10-year-old follow-
ing a trampoline injury raised concern about possible 
subluxation of C2 relative to C3. Computed tomography 
showed no evidence of fracture or soft-tissue swelling, 
which confirmed that the original findings represented 
pseudosubluxation.
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radiographic findings, ( 3) e quivocal p lain films, a nd ( 4) 
inability to c lear t he spine c linically a ἀer 72 hours. They 
found t hat M RI identified i njuries not s een on r adiogra-
phy i n 23% of i maged patients, a nd t hat i n 3 4% of t hese 
patients, m anagement w as a ltered b y t he M RI findings 
[33]. A r eview f rom Washington University described 63 
pediatric TBI patients with GCS < 8 who received both CT 
and MRI of the cervical spine. Of these patients, five had 
unstable cervical spine injuries, all of which were detected 
by C T, a nd o f n ote, o ne o f t hese i njuries w as m issed o n 
MRI b ecause i t w as p rimarily a b ony i njury. There w ere 

seven injuries detected on MRI that were missed on CT, all 
of which were determined to be stable. CT was 100% sen-
sitive a nd 8 5% s pecific for u nstable i njury, w hereas M RI 
was 80% s ensitive and 8 1% specific. For o verall injury, 
CT was 63% sensitive w ith a n egative predictive value of 
86%. MRI was 68% sensitive and had a negative predictive 
value of 88%. The findings in this study are limited by the 
small number of patients with cervical spine injuries [34]. 
Another report f rom Henry e t a l., s imilarly c onstructed, 
reported CT sensitivity for cervical spine injury to be 13% 
and specificity to be 99%, whereas for MRI sensitivity was 

(c)

(b)(a)

Figure 6.5 A 12-year-old with a trampoline injury and neck pain. (a) Computed tomography showed fracture of superior 
aspect of odontoid. (b) The 1-cm fragment was displaced anterior and inferior. (c) Magnetic resonance imaging revealed 
severe central canal stenosis at the cervical-medullary junction and edema within the cervical cord at the C2 and C3 levels. 
In addition, distension of the cerebrospinal fluid spaces within the posterior fossa was evident, likely due to the degree of 
stenosis.
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100% a nd s pecificity w as 9 9%. The low s ensitivity o f C T 
was related t o its inability t o detect soἀ t issue i njury in 
10/12 patients in which such injury was seen on MRI. In 
contrast, MRI was able to detect all osseous injuries iden-
tified on CT [35]. Gargas et al. described 173 patients who, 
aἀer presenting with blunt trauma, were immobilized and 
imaged by CT for cervical spine symptoms, obtundation, 
or uncooperativeness. In those patients, MRI identified 30 
patients or 17% who had underlying spinal cord contusion 
or ligamentous injury. Of those, five or approximately 3% 
of the patients with normal CT findings were identified to 
have unstable ligamentous injuries which required surgi-
cal stabilization. The authors do not comment on the sen-
sitivity of MRI for bony fractures in this study [36].

Taken together, t hese data indicate t hat MRI does pro-
vide increased d etection of s oἀ tissue a nd l igamentous 
injury, some of which are unstable, in patients with high 
risk f or c ervical s pine i njury. H owever, t he i ncorporation 
of MRI into standard screening protocols would be contro-
versial due to its h igh cost a nd sensitivity for injuries t hat 
ultimately do not require intervention.

Current practice and protocols

Prior to t he last 10–15 years, c linical practice in c learance 
of t he c ervical s pine i n p ediatric p atients w as g uided b y 
extrapolation from adult data and by consensus guidelines 
such as the Eastern Association for the Surgery of Trauma 
guidelines. H owever, a s d iscussed a bove, d ata s pecific t o 
pediatric patients have blossomed in the last decade so that 
it i s n ow p ossible t o d evelop p rotocols f or c ervical s pine 
clearance in children based on level II and III clinical evi-
dence. Several institutions have published protocols includ-
ing p re- a nd p ost-protocol t rends i n r adiation e xposure 
and f requency o f m issed i njury. I ndividual i nstitutional 
experiences have shown t hat adherence to t hese protocols 
increases t he n umber o f c hildren c leared c linically w ith-
out r adiography. I n a ddition, t he f requency o f C T s can-
ning i s r educed b y 2 2%–60%, o ffset i n s ome c ases b y a n 
increase in the number of cervical plain film series ordered. 
Importantly, following t hese protocols, no m issed i njuries 
have b een r eported [ 7,37–40]. This s ummary o f c urrent 
recommendations is based on the l iterature detailed above 
including the available published protocols in pediatric cer-
vical spine clearance.

Imaging of the cervical spine is advised for children 
who have any one of t he following seven clinical findings: 
(1)  midline c ervical t enderness o r c omplaints o f c ervical 
pain or t orticollis, (2) endotracheal i ntubation, (3) a ltered 
level of consciousness including due to intoxication or med-
ication, (4) focal neurologic deficits, (5) d istracting i njury, 
and (6) presence o f a h igh r isk m echanism (e.g., n onacci-
dental trauma, high-speed motor vehicle accident, hanging 
injuries, and diving injuries), or (7) an inability to verbally 
communicate. If none of these r isk f actors is present, the 
patient is clinically cleared, no further imaging is required 
and cervical spine precautions may be discontinued.

In c hildren w ho e xhibit o ne o r m ore o f t hese c riteria, 
imaging is recommended. The first step is screening by cer-
vical r adiography. W hile t he addition of multiple v iews i s 
debated, a l ateral c ervical s pine film w ith good t echnique 
and visualization of the spine from the occiput to T1 is an 
absolute m inimum, a nd m ost p ublished p rotocols r ecom-
mend at least a three-view cervical spine series encompass-
ing a nterior/posterior a nd o dontoid v iews i n a ddition t o 
the lateral view. In patients who are already undergoing CT 
scan of the brain for trauma, it is acceptable to substitute an 
extended CT head that encompasses the C1 and C2 verte-
brae for the additional views in the plain film series.

Any a bnormality on p lain film i maging or questionable 
films should prompt spine service consultation and CT of the 
cervical spine through T3. I f the CT is normal, then repeat 
examination is performed. A normal examination results in 
cervical s pine c learance w ithout f urther i nvestigation a nd 
discontinuation of cervical spine precautions (Figure 6.6).

Any persistent pain or neurologic deficit should prompt 
evaluation for SCIWORA. Most protocols recommend MRI 
of t he cervical s pine for t his purpose r ather t han flexion-
extension films. Cervical spine immobilization should be 
continued throughout this process until formal clearance of 
the cervical spine is obtained. If SCIWORA is documented, 
then c ervical s pine i mmobilization i s c ontinued u ntil fol-
low-up by a spine specialist.

Finally, any patient who presents unconscious, obtunded, 
or w ho r equires i ntubation a nd m edical s edation s hould 
be i maged w ith C T o f t he c ervical s pine. I f t he p atient’s 
impaired mental status continues past 72 hours, then MRI 
of t he c ervical s pine s hould b e o btained i n a n a ttempt t o 
clear the neck of l igamentous injury so that spinal precau-
tions can be discontinued. In patients for whom prolonged 
obtundation or intubation are expected, some centers rec-
ommend early MRI of the cervical spine instead of CT. This 
practice h as n ot b een i nvestigated s ufficiently t o p rovide 
concrete recommendations.

Conclusions

Cervical spine injury is rare in pediatric blunt trauma patients. 
However, d ue t o t he p otentially d evastating n ature o f t hese 
injuries, as well as the unique anatomy of the pediatric spine, 
careful evaluation of t he cervical spine including systematic 
cervical spine clearance is paramount. Pediatric trauma pro-
viders s hould b e w ell e ducated i n t he u nique a natomy a nd 
functional p erformance o f t he p ediatric c ervical s pine a nd 
the implications of these characteristics for patterns of injury. 
They s hould a lso b e f amiliar w ith r isk f actors f or p ediatric 
cervical spine injury and the use of various imaging modali-
ties in its diagnosis. In the pediatric population, the decision 
to image the neck should take into account the potential risk 
posed by unnecessary irradiation. Unnecessary imaging can 
be avoided by recognizing that the clinical exam in children is 
exquisitely sensitive for cervical spine injury, and that a cohort 
of low-risk patients can be identified in whom clinical history 
and e xam a lone a re s ufficient f or c ervical s pine c learance. 
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Imaging use should be directed by protocols which emphasize 
plain films before CT in order to reduce radiation exposure, 
and w hich i nvolve e arly c onsultation w ith s pine s pecialists 
for p atients w ith s uspected i njury. I n p atients w ho c annot 
be c leared u sing t hese means or who have persistent s ymp-
toms aἀer normal radiographs and CT, MRI is becoming an 
increasingly valuable way to evaluate for ligamentous and soἀ 
tissue injury in a timely fashion such that prolonged immobi-
lization is avoided.
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7
General principles of resuscitation 
and supportive care: Burns

RACHEL B. WEBMAN, JEFFREY W. SHUPP, and RANDALL S. BURD

Introduction

In the United States, burn-related injuries are common 
among c hildren, w ith t he i ncidence b eing h igher i n c hil-
dren t han a dults. E ach d ay a bout 3 00 c hildren a re s een i n 
emergency departments i n t he United States for burn i nju-
ries, and two of these children will die from their injuries [1]. 
Burn injuries are consistently among the top causes of injury-
related death in children under 15 years old [2]. Burn injury 
is the ἀfth most common cause of nonfatal injury in children 
and the eleventh most common cause of death worldwide [3].

Children j ust g aining i ndependent m obility a re o ften 
curious, l eading to s pills a nd c ontact w ith u nfamiliar hot 
objects. B ecause o f t hese t endencies, i nfants a nd t oddlers 
make u p a d isproportionate p ercentage o f b urn-injured 
children [4]. Scald burns, followed by contact burns, are the 
most common etiology of thermal injury among children 
[5]. Although burn injury incidence declines with age, flame 
burns become more common with increasing age [1,5]. Most 
accidental burns are preventable [4], and prevention strate-
gies are considered to have led to a decline in the incidence 
of burn injuries in the United States [6].

Although burn injuries remain a s igniἀcant health bur-
den for children, burn care has improved, reducing overall 
mortality [7,8]. In 1949, the total body surface area (TBSA) 
of b urn i njury a t w hich 5 0% o f c hildren d ied ( LD50) w as 
49% [ 9]. W ith i mprovements i n t he i nitial a nd d eἀnitive 
management o f b urn i njuries i n c hildren, t he L D50 fo r 

TBSA increased to over 90% in 1987 [10,11]. Improvements 
in pediatric burn mortality have shifted focus to a g reater 
emphasis on aftercare, social reintegration, and the impact 
of burn injury on the quality of life.

Initial assessment

The assessment and treatment of burns among children and 
adults are similar. Several aspects, however, differ in children 
and should be highlighted. As with all injuries, the establish-
ment of a stable airway and ensuring adequate ventilation and 
perfusion a re i nitial p riorities w hen t reating c hildren w ith 
burn injuries. After these goals are addressed, the burn wound 
should then be assessed for size and depth to determine deἀn-
itive treatment in either the inpatient or outpatient setting.

Airway management

Airway compromise after pediatric burn injury may be mini-
mal initially but it can progress rapidly. Signs suggestive of a 
potential a irway or inhalational injury include burns to the 
face, s inged nasal hairs, carbonaceous sputum, s tridor, and 
labored b reathing. The a irway e xamination s hould i nclude 
evaluation of the supraglottic and oropharyngeal regions for 
signs of injury such as direct burns or edema. Children sus-
taining severe full-thickness burns of the neck are at increased 
risk f or a irway c ompromise r elated t o e dema b ecause o f a  
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relatively narrow airway and short neck [12]. Airway compro-
mise may develop in children with neck burns up to 36 hours 
after injury when edema is greatest in the affected tissues.

During the primary survey of any child with burn injury, 
supplemental oxygen should be supplied by face mask and 
oxygen saturation assessed. Early intubation should be con-
sidered f or c hildren a t h igh r isk f or a irway c ompromise 
based on history and physical examination because a r ela-
tively small amount of a irway narrowing can signiἀcantly 
and r apidly d ecrease t he c ross-sectional a rea o f a s mall 
pediatric a irway. I nitial p lacement o f t he a ppropriate s ize 
cuffed t ube i s i mportant because progressive a irway com-
promise m ay m ake r eintubation d ifficult o r u nsafe [ 13]. 
Care should be taken to secure the endotracheal tube once 
it is in a s afe and functional position to prevent accidental 
extubation [14]. Strategies for maintaining a irway ἀ xation 
depend on the clinical scenario but may include the use of a 
nasotracheal route, direct ἀxation of the tube to the tissues 
of t he n asal s eptum o r m axillary i ncisors, a nd t he u se o f 
external devices that do not rely on adhesive for ἀxation [15]. 
Tracheostomy is rarely performed in pediatric burn patients 
but may be indicated when it is difficult to otherwise estab-
lish a secure airway because of the extent of the burn injury, 
or in large burns, or in the presence of signiἀcant inhalation 
injury when prolonged intubation is anticipated [16].

Management of ventilation

Respiratory failure remains a signiἀcant cause of morbidity 
and mortality after the pediatric burn injury. The potential 
causes of respiratory failure in the acute setting are diverse 
and i nclude d ecreased c hest w all c ompliance f rom b urn-
related edema and thick eschar, chemical and thermal air-
way injury, and systemic inflammatory response syndrome 
in response to the burn injury. As many as 5% of scald inju-
ries at pediatric burn centers a re associated w ith t he need 
for mechanical ventilation even in the absence of signiἀcant 
head and neck involvement [12]. Risk factors for respiratory 
failure a mong c hildren w ith s cald i njuries i nclude l arge 
burns, young age, and an injury related to child abuse. The 
association o f s cald i njuries w ith respiratory f ailure m an-
dates close monitoring of at-risk patients for up to 72 hours 
after injury [12,17]. Pneumonia is the most frequent major 
complication o f b urn i njury. The i ncidence o f p neumonia 
increases with the number of ventilator days [18].

Up t o o ne-third o f p ediatric b urn p atients r equiring 
hospitalization h ave a n a ssociated i nhalation i njury [ 19]. 
Inhalation injury signiἀcantly increases mortality [20] and 
contributes more signiἀcantly to mortality in children than 
in adults [21]. Burn-injured patients exposed to the products 
of combustion in an enclosed space are at risk for inhalation 
injury. Damage to the airways can result from direct thermal 
injury or injury caused by chemical irritants. Thermal injury 
most often occurs above the carina as heat is dissipated rap-
idly i n t he oropharynx. D irect t hermal i njury to t he lower 
airway occurs in less than 5% of patients sustaining an inha-
lation injury and is more likely when steam exposure is part 

of t he i njury m echanism [17]. C hemical i nhalation i njury 
can affect the entire respiratory tract and occurs after inha-
lation o f c ombustion b y-products s uch a s t hose f rom s yn-
thetic materials. Inhaled chemical toxins damage epithelial 
and endothelial cells of the respiratory tract and can lead to 
a devastating inflammatory response. The a irway c hanges 
associated with chemical irritation include bronchoconstric-
tion, i ncreased v ascular p ermeability, v asodilatation a nd 
ventilation disturbances [17]. Injury to the bronchial epithe-
lium results in protein leakage and alveolar collapse. Airway 
injury can evolve over time, so that signiἀcant  airway com-
promise may still occur up to 48 hours after injury [17].

Carbon monoxide (CO) and cyanide are agents known to 
be associated with increased morbidity and mortality after 
injuries s ustained i n en closed s paces, s uch a s h ouse ἀ res. 
CO has a 2 00-fold increased affinity for hemoglobin com-
pared to oxygen, d isplacing oxygen a nd creating c arboxy-
hemoglobin. The presence of carboxyhemoglobin decreases 
the oxygen-carrying c apacity of b lood a nd decreases oxy-
gen d elivery t o t issues. C urrent t reatment o f C O t oxicity 
is t he a dministration o f 1 00% o xygen t hat d ecreases t he 
half-life o f c arboxyhemoglobin s everal f old c ompared t o 
room a ir [ 22]. H yperbaric o xygen a lso s hortens t he h alf-
life o f c arboxyhemoglobin [22,23] a nd h as b een proposed 
as a p otential treatment for severe CO poisoning. A r ecent 
systematic review, however, did not show a beneἀt of hyper-
baric over s tandard t reatment o n n eurological o utcomes 
and its impact on mortality remains uncertain [22].

Cyanide a cts b y i nhibiting t he m itochondrial e lectron 
transport chain leading to inhibition of aerobic respiration. 
In suspected cyanide toxicity, hydroxocobalamin should be 
given i mmediately b ecause o f i ts t reatment p otential a nd 
relatively low i ncidence of s ide effects. Hydroxocobalamin 
binds c yanide en hancing r enal e xcretion a nd i mproving 
survival a mong p atients w ith o therwise f atal c yanide l ev-
els [24]. Cyanide and CO may have synergistic effects, with 
even l ow b lood c oncentrations o f t hese c hemicals l eading 
to tissue hypoxia [25]. Hydroxocobalamin is safe in cases of 
simultaneous CO exposure, and has a rapid onset of action 
[17,26]. B ecause c yanide a nd C O e xposures o ften o ccur 
together i n h ouse ἀ res, b oth t oxicities s hould b e t reated 
when one is suspected [26].

Inhalation i njury c an b e d iagnosed a nd t reated u sing 
bronchoscopy. B ronchoscopy a llows f or d irect v isualiza-
tion, d iagnosis, a nd a ssessment o f s everity o f i nhalation 
injury [ 27]. The s everity o f i nhalation i njury d iagnosed 
with b ronchoscopy c orrelates w ith s urvival [ 17,28,29]. 
Correlation o f b ronchoscopic ἀ ndings w ith o ther c lini-
cal o utcomes s uch a s fluid r equirements, v entilator d ays, 
acute r espiratory d istress s yndrome, a nd a cute r enal f ail-
ure has been variable [27,28,30]. Because bronchoscopy i s 
associated w ith minimal morbidity a nd may provide use-
ful c linical i nformation, i t s hould b e u sed f or d iagnosis 
when a vailable i n t he s etting o f i nhalation i njury [27,31]. 
Pneumonia is the most common complication after inhala-
tion injury and is associated with increased mortality [29]. 
Bronchoscopy has been beneἀcial for managing inhalation 
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injury p atients w ith p neumonia. R outine b ronchoscopy 
combined with lavage has been associated with a reduction 
in mortality [32]. The proposed m echanism o f this treat-
ment is the clearance of secretions to prevent atelectasis and 
attenuate inflammatory response [32].

Burn wound evaluation

Assessment of t he s ize a nd depth of t he burn i njury i s a n 
essential s tep i n t he i nitial m anagement o f c hildren w ith 
burn injuries. Burn size and depth help determine resuscita-
tion strategies, the need for burn center referral, the need for 
monitoring, and the need for surgical treatment. Burns can 
be classiἀed as superἀcial, partial thickness (superἀcial and 
deep), and full thickness based on the extent of epidermal, 
dermal, and hypodermal involvement (Figure 7.1). Thinner 
skin i n i nfancy places younger c hildren at r isk for deeper 
burns [33]. Burn injury mechanisms such as scalds result-
ing f rom l iquid s pills o ften d o n ot l ead t o u niform d epth 
throughout the affected skin areas, with many injuries hav-
ing areas of several depths.

Although c linical e valuation i s a n e ffective a nd c ost-
effective a pproach f or w ound a ssessment, e stimations b y 
experienced b urn s urgeons p redict t he l ikelihood a nd 
time required for healing only about 75% of the time [34]. 
Features t hat c an b e u sed t o p redict b urn d epth i nclude 
the mechanism of i njury, t he wound a ppearance, a nd t he 
amount of a ssociated pain (Table 7.1). Differentiating par-
tial a nd f ull-thickness b urns c an b e d ifficult, r equiring 
repeated evaluations over 72 hours after injury to obtain a 
more accurate assessment of wound depth. The inflamma-
tory response to a b urn i njury continues to progress a fter 
injury. F ull-thickness i njuries s ometimes h ave a n a ppear-
ance similar to partial-thickness injuries.

The use of laser Doppler imaging (LDI) to estimate burn 
depth h as b een i ntegrated i nto t he i nitial a ssessment o f 
burn wounds at an increasing number of burn centers. The 
approach measures tissue perfusion by measuring frequency 
changes a ssociated w ith blood c ell movement t hrough t he 

dermal vasculature. The use of LDI in conjunction with clin-
ical assessment has several beneἀts, including reduced mor-
bidity and costs associated with decreased length of stay and 
avoidance of unnecessary surgery [35]. The approach is also 
useful for identifying d eeper a reas w ithin a l arger burned 
region t hat c an b e t argeted f or s urgical e xcision, l eaving 
surrounding a reas to heal. The use of LDI in children was 
initially questioned because of the need for the patient to 
remain s till during t he s can. This t echnique, however, has 
been shown to be easy to use in children and to improve the 
accuracy of burn depth assessment [36,37].

Estimation of the extent of the burn injury is also a criti-
cal step in the initial management of pediatric burn injuries. 
Only partial- a nd f ull-thickness burns a re i ncluded i n esti-
mates of TBSA. Several approaches c an be used depending 
on the extent of the injury and available resources. The TBSA 
of small burns can quickly and easily be estimated using the 
palmar method. This approach is based on the ἀ nding that 
the surface of the patient’s entire hand and ἀngers is about 1% 
of TBSA. Estimating the number of the patient’s palm prints 
that would cover the affected area is an effective approach 
for obtaining an initial estimate in smaller burns. In a ἀe ld 
setting or at the time of initial emergency department evalu-
ation, the “rule of nines” is a practical approach for estimat-
ing the extent of a burn injury. This quick calculation is more 
accurate in adults than in children because of the larger pro-
portion of b ody surface a rea of t he head i n c hildren but i s 
easy to learn and apply (Figure 7.2). When arriving at the site 
of deἀnitive burn care, more accurate approaches for evaluat-
ing the extent of burn injury should be used. The Lund and 
Browder chart provides estimates of TBSA among d ifferent 
age groups and has been used for many years to evaluate burn 
injuries (Figure 7.3). The Lund and Browder charts, however, 
require manual mapping of the burn injury onto the diagram 
and a subjective estimate of the proportion of affected areas. 
These methods c an s ometimes l ead to a s igniἀcant overes-
timate o f t he affected T BSA [ 38–41]. C omputer p rograms 
and mobile phone applications have been developed for cal-
culating TBSA i n children a nd adults. These methods have 
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Partial thickness
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Figure 7.1 Burn classification by depth of burn injury.
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a p articular a dvantage f or c hildren b ecause c orrection f or 
the age-related distribution of surface area in different body 
regions is an incorporated function. The ease of use and the 
accuracy of these electronic tools favor their use when deἀni-
tive care is being planned [40,42].

Once burn size and depth have been determined, triage 
and treatment decisions can be made. Children with burns 
requiring specialized care available at burn centers should 
be transferred after stabilization to received deἀnitive care, 
including c hildren w ith l arge b urns ( >10% T BSA), b urns 

involving critical body regions, and observed or suspected 
concomitant injury (Table 7.2) [43,44].

Resuscitation

Thermal i njury t riggers r elease o f i nflammatory m ediators 
by en dothelial a nd n erve c ells i ncluding c omplement p ro-
teins, k inins, h istamine, s erotonin, prostaglandins, n euro-
peptides, and oxygen free radicals [44]. These changes lead to 
increased capillary permeability and movement of fluid from 
the intravascular space into the interstitial space. Although 
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Figure 7.2 Rule of nines for estimating total body surface area of burn injuries.

Table 7.1 Burn classification

Burn depth Color Appearance Pain Typical healing

Superficial Red Blanching, dry, no 
blisters

Mild 3–6 days, nonscarring

Superficial partial 
thickness

Pink, red Blanching, wet, 
blisters

Moderate to severe 7–20 days, usually 
nonscarring

Deep partial thickness Red, white, yellow Nonblanching, wet, 
+/− blisters

Mild to moderate >21 days, may lead to 
scar and contracture

Full thickness White, brown, black Dry, nonblanching Nonpainful Prolonged healing 
with scar and 
contracture
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Figure 7.3 Lund Browder chart for estimating total body surface area of burn injuries.

Location Estimated total body surface area in location by age

0–1 years 1–4 years 5–9 years 10–15 years

Head 19 17 13 10
Neck 2 2 2 2
Anterior trunk 13 13 13 13
Posterior trunk 13 13 13 13
Right buttock 2.5 2.5 2.5 2.5
Left buttock 2.5 2.5 2.5 2.5
Genitalia 1 1 1 1
Right upper arm 4 4 4 4
Left upper arm 4 4 4 4
Right lower arm 3 3 3 3
Left lower arm 3 3 3 3
Right hand 2.5 2.5 2.5 2.5
Left hand 2.5 2.5 2.5 2.5
Right thigh 5.5 6.5 8.5 9.5
Left thigh 5.5 6.5 8.5 9.5
Right leg 5 5 5.5 7
Left leg 5 5 5.5 7
Right foot 3.5 3.5 3.5 3.5
Left foot 3.5 3.5 3.5 3.5
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third space fluid loss for small burns has minimal physiologi-
cal consequences, larger burns can lead to loss of a signiἀcant 
proportion of t he c irculating b lood volume a nd a dditional 
tissue damage remote from the site of injury can occur. After 
extensive burn i njury, e arly a nd accurate fluid administra-
tion optimizes outcomes, including  reducing acute renal fail-
ure, multiple organ dysfunction, and  mortality [7].

Oral h ydration s hould ἀ rst b e a ttempted f or c hildren 
with burn injuries affecting less than 10% TBSA, keeping in 
mind that this recommendation is a guideline and not a sub-
stitute for clinical judgment [45]. Although an enteral route 
is often sufficient for managing fluid losses in t his setting, 
younger children w ith even small burn i njuries a nd t hose 
with s igniἀcant burn i njury on t he head a nd neck cannot 
maintain adequate hydration by the oral route. Children 
with less extensive injuries associated with inadequate oral 
intake beneἀt from early placement of a nasoenteric tube for 
enteral nutritional support and hydration.

Among p atients w ith l arger burns, i nitial hydration by 
either an oral route or enteral tube is not as rapid or effective 
as intravenous hydration. The Parkland formula bases resus-
citation on the TBSA of burn injury and the child’s weight 
(4 mL/kg/% TBSA injured) a nd is a u seful g uide for initi-
ating resuscitation. Children have additional maintenance 
requirements that are better accounted for using the Shriners 
Burns Hospital–Galveston formula, which estimates main-
tenance and resuscitation requirements (5000 mL/m2 TBSA 
burn + 2 000 m L/m2 T BSA). A lthough t he P arkland a nd 
Galveston f ormulas a re u seful i n c hildren, t he G alveston 
formula c orrelates b etter w ith t he fluid r equirements i n 
patients under 23 kg [46]. No randomized controlled stud-
ies, however, have compared these two approaches in chil-
dren. An initial estimate can be made to administer half of 
the estimated volume estimated using each formula within 
8 h ours o f t he b urn i njury a nd t he s econd h alf o ver t he 
next 16 h ours. The r esuscitation v olume e stimated b y t he 
Parkland formula for smaller burns can be easily adminis-
tered by either oral or enteral hydration or administration 

of maintenance intravenous fluid. Calculations of burn size 
at the injury scene or at nonspecialty centers often overesti-
mate TBSA. For this reason, an initial strategy of hydration 
at 1.5 maintenance rate i s appropriate to avoid overhydra-
tion when anticipated transport time is short.

Lactated Ringers is the initial resuscitative fluid of choice 
for burn patients. For children less than 30 kg or less than 
5 years old, dextrose should be added to maintenance flu-
ids t o p rotect f rom h ypoglycemia. W ith a s evere h yper-
metabolic response, younger pediatric patients can quickly 
deplete t heir hepatic g lycogen s tores resulting i n hypogly-
cemia. The Parkland and Galveston formulas serve as only 
guides f or i nitially e stimating fluid r esuscitation v olume 
and tend to underestimate resuscitation volumes in smaller 
burn injuries and overestimate volumes in larger burn inju-
ries [47–49]. Once an evaluation of burn size and depth has 
been performed, one of these formulas can be used to calcu-
late fluid volume needed over the ἀrst 24 hours after injury.

Given t he w ide v ariation i n b urn d epth, i ndividual 
response to injury, and concomitant tissue injuries (i.e., inha-
lation i njury), resuscitation should be g uided by a f requent 
assessment of end organ perfusion. Urine output remains the 
most useful means for monitoring the effectiveness of resus-
citation in children. Actual fluid volume should be directed 
by frequent titration based on hourly urine output goals (typ-
ically 1 m L/kg/h for pediatric patients) [50,51]. An indwell-
ing urinary catheter may be required to accurately measure 
urine production during the initial resuscitation period.

The d eleterious e ffects o f o ver-resuscitation h ave b een 
increasingly recognized. In the 20 years after the Parkland 
formula became standard practice, typical volumes of crys-
talloid administered after burn injury greatly exceeded the 
amount recommended in the original formula, and the use 
of colloid in the second 24-hour period was abandoned [52–
54]. This rise in resuscitation volume has been termed “fluid 
creep.” Over-resuscitation has now been shown to be asso-
ciated w ith s ystemic c omplications. These c omplications 
include a bdominal c ompartment s yndrome, e xtremity 

Table 7.2 Burn center referral criteria

American Burn Association criteria for referral to a burn center

Partial thickness burns >10% TBSA

Burns to the face, hands, feet, genitalia, perineum, or major joints

Full-thickness burns (any)

Electrical or chemical burns

Burns associated with inhalational injury

Presence of comorbid conditions that may affect resuscitation and treatment

Significant associated injuries (major trauma, such as motor vehicle crashes and explosions)

Burn injuries that exceed specialist or institutional capacity

Burn injuries with special long-term social, emotional, or rehabilitative needs

Suspected intentional injury

Source:  Adapted from Committee on Trauma of the American College of Surgeons. Resources for Optimal Care of the Injured Patient 
2006. Chicago, IL: American College of Surgeons, 2006.
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edema requiring escharotomies or fasciotomies, pericar-
dial effusion, pleural effusions, prolonged intubation, acute 
respiratory distress syndrome, multiple organ dysfunction, 
and even death.

Decreasing crystalloid fluid administration while main-
taining adequate perfusion and not exacerbating the tissue 
damage r elated t o h ypoperfusion i s t he c urrent f ocus i n 
burn resuscitation. Careful titration of fluid administration 
requires s peciἀc r esuscitation t itration en dpoints. A mong 
children, urine output remains the endpoint of choice. The 
use of other approaches for monitoring resuscitation have 
been s tudied, i ncluding v ital s ign m onitoring, a ssessment 
of c ardiac o utput a nd i ndex a nd c entral v enous p ressure, 
the use of echocardiography to assess ejection fraction and 
stroke v olume, a nd g astric t onometry. These m onitoring 
methods, however, require knowledge of oxygen consump-
tion, cardiac index, and myocardial function, and therefore 
also require invasive procedures such as the use of pulmo-
nary artery catheters and transesophageal echocardiograms 
[50]. Invasive procedures (e.g., transesophageal echocardio-
grams, Swan–Ganz catheters, and central venous catheters) 
are not recommended for monitoring the endpoint of resus-
citation in children unless there is an additional indication 
for the procedure. A recent review of studies in adults and 
children found only limited evidence supporting the use of 
hemodynamic monitoring for assessing burn resuscitation 
endpoints. N o l arge p rospective t rials h ave a ssessed en d-
point alternatives to urine output [50].

The original Parkland formula included the use of colloid 
infusion at 24 hours after injury [52]. The crystalloid com-
ponents of this regimen in the ἀrst 24 hours initially gained 
popularity and became a s tandard approach for predicting 
fluid requirements w hile t he u se of c olloids i n t he s econd 
24 h ours a fter i njury h as f allen o ut o f f avor [54]. S tudies 
showing an increase in mortality with colloid use and con-
cerns over viral hepatitis transmission from blood products 
led t o a n i ncrease i n t he u se o f c rystalloid r esuscitation 
without colloid supplementation in the late 1970s and 1980s 
[54–56]. With increasing concern over “fluid creep,” the use 
of colloid resuscitation has reemerged and has recently been 
shown t o i mprove o utcomes, i ncluding d ecreasing fluid 
requirements [55–58]. Although most studies assessing the 
role o f c olloids h ave b een p erformed i n a dults [59–63], a 
recent randomized controlled study in children showed that 
colloids given in the ἀrst 8–12 hours after injury decreased 
the volume of c rystalloid required for p ostburn resuscita-
tion, reduced fluid creep, and decreased length of stay in 
patients receiving colloids [56]. This study used 5% albumin 
providing 0.5 g of albumin/kg daily for 3 days starting up 
to 1 2 h ours a fter i njury. A lthough a lbumin m ay i mprove 
outcomes when used for burn shock resuscitation, the qual-
ity of t he c urrent d ata i s i nsufficient for deἀnitive conclu-
sions [55]. Two small studies have a lso found that ascorbic 
acid (vitamin C) can safely reduce fluid requirements and 
decrease p ulmonary c omplications w hen a dministered a t 
high doses after burn injury [64,65]. The efficacy and safety 
of vitamin C have not, however, been tested in children with 

burn i njuries. U sing t he P arkland o r G alveston f ormula 
for r esuscitation c an b e t ime c onsuming a nd er ror p rone 
[66,67]. A ccurate i nitial c alculation o f r equired fluid m ay 
avoid the complications of over- and under-resuscitation of 
the burn-injured patient. The use of computerized decision 
support to guide resuscitation has been found to be beneἀ-
cial in adult burn patients [68], but this approach has yet to 
be reported in pediatric burn patients.

Wound management

Burn w ound m anagement i s d etermined b y w ound s ize, 
depth, a nd l ocation. S uperἀcial p artial-thickness b urns 
can be treated with debridement followed by serial dressing 
changes. Burns of t his depth heal w ithin 3 w eeks w ithout 
additional intervention. The practice of debriding burn blis-
ters has been debated [69]. While burn blister fluid has been 
shown t o b e d etrimental b y s uppressing ly mphocyte a nd 
neutrophil function, intact blisters are associated with less 
bacterial c olonization [ 70,71]. A lthough b lister fluid m ay 
slow k eratinocyte re plication, re epithelialization i s 4 0% 
faster w hen b listers a re l eft in p lace [69,72]. D ebridement 
is associated with increased pain levels but a lso provides a 
uniform wound base which may improve healing [73].

Daily dressing changes and debridement along with the 
use o f t opical a ntimicrobials h ave b ecome s tandard t reat-
ment f or b urn w ounds. A lthough s ilver c ompounds a re 
in c ommon u se a s t opical a ntimicrobials i n t his s etting, 
including s ilver s ulfadiazine c ream a nd m afenide a cetate, 
evidence that these agents reduce wound infection or pro-
mote healing is lacking [74]. Procedural pain is an impor-
tant disadvantage of daily dressing changes, especially when 
used for large burn injuries. To reduce the need for dressing 
changes, several products have been developed that use sil-
ver as the antimicrobial agent that can remain in place for 
several days. In addition to reducing pain, long-acting silver 
dressings may improve the rates of reepithelialization when 
compared to the use of silver sulfadiazine dressing [75].

Although s ilver-based d ressings a re c ommonly u sed 
for managing pediatric burns, a v ariety of nonsilver-based 
dressings a re a vailable. B iosynthetic d ressings s uch a s 
BiobraneTM, SuprathelTM, and OmnidermTM are semiperme-
able dressings designed to adhere to the wound and decrease 
the need for frequent dressing changes. Similar to long-act-
ing silver dressings, dressings in t his category have similar 
or i mproved r eepithelization r ates a nd d ecreased p ain i n 
comparison to dressings using silver sulfadiazine [75]. These 
dressings, however, have no antimicrobial activity and may 
not be appropriate when wound infection is already present 
or when ἀrst used more than 24 hours after injury.

Biological d ressings a re a nother category t hat has been 
used for the management of pediatric burn wounds. These 
dressings i nclude n atural b iological d ressings ( allograft, 
xenograft, a nd human a mnion), d ressings d erived f rom a 
biological s ource ( AllodermTM), a nd s ynthetic d ressings 
designed to substitute for biological dressings ( I ntegraTM). 
Allograft has had limited use as a primary dressing for pedi-
atric partial-thickness burns but it is frequently used as an 
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adjunct dressing among children undergoing surgical treat-
ment [76]. A reduction in scar formation has been described 
when u sing a llograft compared t o s ilver s ulfadiazine [77]. 
Allograft can be used on contaminated wound beds while 
other b iological d ressings m ay o nly b e p laced o n c lean 
wound beds [77,78]. Xenograft has been reported to have an 
improved i nfection r isk a nd d ecreased n eed f or n arcotics 
and number of dressing changes when compared to conven-
tional d ressings i n c hildren [79]. The i mpact o f x enograft 
on the rate and quality of wound healing has yet to be com-
pared w ith more commonly used silver dressings. Human 
amnion for temporary coverage of partial-thickness burns 
results i n i mproved h ealing a nd f ewer d ressing c hanges 
[80,81]. A lloderm ( LifeCell C orporation, B ranchburg, N J) 
is allograft made from acellular cadaveric dermis and works 
by a s imilar mechanism. Alloderm is immunogenic and is 
rejected a fter s everal w eeks o f u nderlying d ermal r egen-
eration [ 77]. I ntegra ( Integra L ifeSciences C orporation, 
Plainsboro, NJ) is made from bovine collagen and glucos-
aminoglycans. I t p rovides a s caffolding f or ἀ brovascular 
ingrowth a nd s loughs o ff as a utologous e pithelialization 
occurs beneath it [77].

Surgical treatment

Early e xcision a nd c overage of d eep p artial-thickness a nd 
full-thickness burns have become standard care for pediat-
ric burn injuries. This technique has been shown to improve 
outcomes after severe burns and results in decreased infec-
tion r isk, l ength o f s tay, a nd s car f ormation i n c hildren 
[7,8,82]. By excising devitalized t issue, e arly i nfection r isk 
is r educed a nd t he r elease o f i nflammatory m ediators i s 
slowed. The s ubsequent s ystemic i nflammatory r esponse 
syndrome, s epsis, a nd m ultiple o rgan d ysfunction r esult-
ing from systemic response to inflammation are attenuated 
[10,83]. The objective of excision is to obtain a v iable tissue 
base while minimizing tissue loss, as the preservation of ele-
ments of t he dermis reduces scar formation a nd i mproves 
wound appearance [84]. After initial excision, wound cov-
erage is achieved using autologous skin grafts or a t empo-
rary coverage with nonautologous tissue depending on the 
patient’s p hysiological s tatus a s w ell a s t he l ocation a nd 
depth of the wound.

Split-thickness skin g rafts (STSG) are h arvested t o the 
level o f t he s uperἀcial d ermis, a llowing f or h ealing w ith 
minimal o r n o s car f ormation. S TSG c an b e m eshed t o 
varying d egrees t o c over l arger d efects a nd p revent fluid 
accumulation under the graft. STSGs can, however, be less 
cosmetic a nd c an u ndergo s econdary c ontraction. S TSG 
donor sites heal within 7–10 days and can be reused if addi-
tional coverage is needed. Full-thickness grafts are excised 
to t he l evel o f t he h ypodermis. The d onor s ites r equire 
closure b ecause t he en tire t hickness o f t he s kin h as b een 
removed. Full-thickness g rafts a re advantageous for man-
aging b urn i njuries i n a reas w here w ound c ontraction i s 
problematic such as the neck or where wound durability is 
needed s uch a s t he p almar s urface o f t he h and. C overage 

using autologous STSG is generally feasible for injuries up 
to about 40% of TBSA. Immediate coverage with autologous 
STSG is not a lways possible in larger burns because of the 
availability or location of donor sites, the presence of infec-
tion, or patient s tatus. In these cases, excision can be per-
formed, a nd temporary coverage c an b e achieved using a 
biological or biosynthetic dressing and staged autografting 
can be performed at subsequent procedures.

Escharotomy

Circumferential f ull-thickness i njuries c an l ead t o c on-
strictive p hysiology. I n t he e xtremities, f ull-thickness 
wounds can swell, compromising arterial and venous blood 
flow. This decreased blood flow can lead to tissue ischemia 
and tissue loss. Full-thickness burns to the chest can lead to 
a restrictive pulmonary physiology, resulting in hypercap-
nia, hypoxia, and respiratory failure. Escharotomy or l in-
ear division of the burn wound can improve vascular flow 
and mobility a nd limit t issue loss. Escharotomy incisions 
are made to the level of the hypodermis to span the length 
of t he a ffected r egion, g enerally o n o pposite s ides o f t he 
affected area. Because of the depth of the injury requiring 
escharotomy, this procedure can be performed with mini-
mal additional analgesics using conventional diathermy.

Pain management

Pain management is an integral part of the acute manage-
ment of children with burn injuries. Although the mecha-
nisms remain to be deἀned, growing evidence supports that 
appropriate pain management may be a ssociated w ith t he 
rate of reepithelialization of partial-thickness burn wounds 
in children [85]. Pain management for the child with a burn 
injury is unique because of t he a mount of pain associated 
with the burn wound and dressing changes and the number 
and duration of d ressing c hanges often needed. A lthough 
approaches used for other painful procedures can be used, 
several s trategies for managing pain a mong children w ith 
burn injuries have been proposed.

Strategies for pain management can be described accord-
ing to the intent and setting: management of procedural pain 
versus background pain between procedures, and inpatient 
versus o utpatient s ettings. The o ptimal p ain m edications 
for wound debridement and dressing changes are potent 
but short acting. In the emergency department, intranasal 
fentanyl meets these requirements and avoids the additional 
pain associated with placement of an intravenous catheter. 
These features make its use ideal for debridement of small 
wound or smaller dressing changes. For more extensive pro-
cedures, k etamine i s f requently u sed i n c hildren, o ften i n 
combination with a benzodiazepine, propofol, or a narcotic 
[86–88]. Ketamine provides an analgesia effect at low doses 
and dissociative anesthesia at higher doses. Ketamine can be 
administered orally, obviating the need for an intravenous 
catheter. A strategy based on the use of ketamine is associ-
ated with a low incidence of the respiratory depression that 
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can b e a ssociated w ith n arcotic u se [88]. N itrous o xide i s 
increasingly being used in settings outside of the operating 
room, including the emergency department and specialized 
outpatient clinic settings [89]. The use of this agent for pedi-
atric burn patients has been reported to be safe and effective 
[90].

Between b urn p rocedures a nd d ressing c hanges, t he 
goal is to provide adequate pain relief that will allow activ-
ity and physical or occupational therapy when needed. The 
World H ealth O rganization ( WHO) re commends t reat-
ing pain in children at consistent intervals with a t wo-step 
approach s tarting w ith a cetaminophen o r n onsteroidal 
anti-inflammatories (NSAIDs), such as ibuprofen, as a base 
for mild to moderate pain, and augmenting with opioids, 
such as morphine, for severe or persistent pain [91]. Use of 
continuous i nfusion o f a cetaminophen i s a ssociated w ith 
decreased need for opioids [92]. The administration of acet-
aminophen at presentation to referring hospitals improves 
pain c ontrol d uring t he s ubsequent h ospitalization f or 
deἀnitive care [93]. The use of NSAIDs decreases opioid use 
in children with burn injuries [94] and does not appear to 
signiἀcantly i ncrease t he r isk o f p rocedure-related b leed-
ing when administered perioperatively [95]. The use of oral 
analgesics is recommended whenever possible, but intrave-
nous administration is acceptable if oral administration is 
not available, feasible, or an intravenous route is preferred. 
Nonopioid analgesics and opioids can be used as the initial 
treatment a nd a s m aintenance t reatment o f b urn-related 
pain. Because of the r isk of opioid dependence, the lowest 
effective d oses s hould b e g iven, a nd p ain s hould b e r egu-
larly reevaluated w ith appropriate adjustments i n medica-
tion dosing.

Nutrition

After severe burn injury, patients experience a hypermeta-
bolic s tate. The m etabolic d erangement i ncludes e levated 
oxygen c onsumption, m etabolic r ate, u rinary n itrogen 
excretion, lipolysis, insulin resistance, and weight loss [96]. 
Hypermetabolism in burn patients is a unique pathophysi-
ologic r esponse t hat l eads t o p rotein w asting, l oss o f l ean 
body mass, and fat accumulation. Because of proportionally 
less body fat a nd muscle mass than adults, children are at 
increased risk for the consequences of burn hypermetabo-
lism. Effects of burn hypermetabolism include impaired 
wound healing, multiple organ d ysfunction, s usceptibility 
to infection, heart failure, and even death. Hypermetabolism 
can lead to metabolic derangements and to loss of lean body 
mass. The metabolic stress associated with burn injuries can 
persist for years [97].

In combination with early excision and coverage, early 
and aggressive enteral feeding has been found to decrease 
the e ffects of hypermetabolism i n p ediatric burn patients 
[98,99]. I nitiation o f f eeds w ithin 4 8 h ours i s i mpor-
tant b ecause e arly i nitiation o f en teral n utrition m ay 
reduce t he h ypermetabolic r esponse t o b urn i njury [ 75]. 
Catecholamines a re t he p rimary m ediators o f h yperme-
tabolism and insulin resistance in burn patients [100,101]. 

Several studies support that propranolol, a nonselective 
beta-blocker, is an efficacious therapy for hypermetabolism 
in t he s everely b urned c hild [100]. P ropranolol d ecreases 
tachycardia, cardiac oxygen use, and resting energy expen-
diture a nd i mproves g lucose m etabolism, l essening t he 
negative e ffects o f t he h ypermetabolic s tate a fter b urn 
injury [10].

Accurate c aloric i ntake b ased on b ody s urface a rea c an 
attenuate t he c atabolic r esponse a ssociated w ith h yperme-
tabolism a fter b urn i njury [101,102]. A s i n o ther s ettings, 
caloric requirements are calculated based on patient age and 
extent of the burn injury (Figure 7.4). Children with smaller 
burns can be encouraged to have a high-protein, high-calorie 
diet monitored with a calorie count. For burn injuries affect-
ing l arge a reas, t ube feeding i s a lmost a lways needed, p ar-
ticularly for younger children [103]. Not all children will 
tolerate sufficient calories via an enteral route, in which case 
parenteral nutrition can be used until full enteral nutrition 
can b e g iven. Burn patients should b e g iven a n a ge-appro-
priate multivitamin or, for moderate-to-severe burns, micro-
nutrient supplements. Ensuring adequate nutrition delivery 
is an important goal for children undergoing multiple surgi-
cal procedures. I f enteral feeds a re f requently s topped pre-
operatively, patients may not be receiving optimal nutrition 
because of these gaps. Strategies for managing this challenge 
include increasing enteral feedings outside of the immediate 
postoperative period or continuation of tube feedings

Although s uccessful d elivery o f n utrition c an b e c hal-
lenging, n o g old s tandard f or m onitoring n utritional s ta-
tus a fter p ediatric b urn i njury h as b een e stablished. D ue 
to t he r isks a ssociated w ith u nderfeeding a nd m alnutri-
tion i n b urned c hildren, m onitoring i s r ecommended 
to ensure that the elevated metabolic demands are met. 
Prealbumin, C -reactive p rotein, t ransferrin, a nd i ndirect 
calorimetry h ave a ll b een s uggested a s m arkers b ut h ave 
not s hown a c onsistent a ssociation w ith n utrition s tatus 
[103,104]. Monitoring of laboratory trends over time is pre-
ferred over reliance on a s ingle value. Indirect calorimetry 
can be used to estimate energy expenditures by evaluating 
oxygen consumption or carbon dioxide production. When 
available, indirect calorimetry has been recommended for 
monitoring energy requirements after burn injury [105,106]. 
Indirect calorimetry, however, can be influenced by meta-
bolic derangements often seen in critically ill patients, lim-
iting its usefulness in these settings [106]. The combined use 
of laboratory trends and indirect calorimetry monitoring is 
an ideal approach for evaluation of nutritional status in the 
burn-injured child requiring nutritional support.

Long-term outcomes

Many burn-injured children have signiἀcant challenges that 
continue for months or after injury, including limitation of 
function, pruritus, pain control, body image, and posttrau-
matic stress. Although these sequelae are more common 
among c hildren w ith s igniἀcant i njuries, c onsequences of 
the burn injury can follow a wide range of injury types and 
severity [107].
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Scarring

Deep d ermal a nd f ull-thickness burns c an r esult i n s igniἀ-
cant scarring. Burns that take more than 3 weeks to heal have 
a h igher l ikelihood of healing w ith hypertrophic s car [108]. 
A c ontracture i s a c ondition i n w hich e xcessive s car f orms 
after injury and then contracts, limiting the range of motion 
when a ssociated w ith j oints. T o p revent f unctional l imita-
tions associated with contracture formation, splinting of the 
affected a rea h as b een proposed [108]. Support of s plinting, 

however, i s weak, a nd t here i s s ome e vidence t hat s plinting 
may worsen rather than prevent scar contracture [108]. Other 
treatments for excessive scarring i nclude i ntralesional i njec-
tion of s teroids a nd p ressure t herapy. I ntralesional s teroids 
reduce inflammation, collagen deposition, and ἀbroblast pro-
liferation, a ll i mplicated i n e xcessive s car g rowth [109]. The 
side effects of localized administration of steroids include skin 
atrophy, t elangiectasia, a nd hypopigmentation, but i t avoids 
the more severe systemic effects of steroids such as Cushing’s 
syndrome. Pressure garments should only be used in wounds 

Enteral nutrition support decision chart: Use to initiate tube feeds prior to dietitian seeing patient

<12 months of age:

Burn size Tube feeds Diet order
<5% No Continue home diet
5%–9% Consider Continue home diet
≥10% Yes: Initiate home formula or breast milk at 2 mL/kg/h, advance by 

2 mL/kg/h q 4 h as tolerated until reach goal × 24 h; if intolerance, 
return to previously tolerated rate; if volume is intolerable, 
concentrate to 24 kcal/oz

Continue home diet

1–4 years of age:

Burn size Tube feeds Diet order
<5% No High calorie, high protein diet 

and calorie count
5%–9% Consider High calorie, high protein diet 

and calorie count
≥10% Yes: Initiate Nutren Jr® at 1 mL/kg/h, advance by 1 mL/kg/h q 4 h as 

tolerated until reach goal × 24 h; if intolerance, return to previously 
tolerated rate; if volume is intolerable, concentrate formula (Boost® Kid 
Essentials1.5)

High calorie, high protein diet 
and calorie count

5–9 years of age:

Burn size Tube feeds Diet order
1% No Regular diet
2–9% No High calorie, high protein diet 

and calorie count
≥10% Yes: Initiate Nutren Jr at 1 mL/kg/h, advance by 1 mL/kg/h q 4 h as 

tolerated until reach goal × 24 h; if intolerance, return to previously 
tolerated rate; if volume is intolerable, switch to concentrate formula 
(Boost Kid Essentials1.5)

High calorie, high protein diet 
and calorie count

≥10 years of age:

Burn size Tube feeds Diet order
1% No Regular diet
2%–9% No High calorie, high protein diet 

and calorie count
≥10% Yes: Initiate Nutren 1.0 at 1 mL/kg/h, advance by 1 mL/kg/h q 4 h as 

tolerated until reach goal × 24 h; if patient experience intolerance, 
return to previously tolerated rate

High calorie, high protein diet 
and calorie count

Enteral feeding adjustments; enter as a communication order:

• If patient experiences emesis, return to previously tolerated rate and continue to advance as tolerated
•  Enteral nutrition support can be decreased as patient’s PO intake increases; consider decreasing when patient is 

consuming at least 50% of estimated needs PO; consult nutrition to determine if patient is ready to wean enteral 
nutrition support

Figure 7.4 Nutrition guidelines for pediatric burn patients.
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after the acute healing phase. The minimal effective pressure 
provided by compression garments is 15 mm Hg. This pres-
sure works by decreasing blood flow to injured areas, resulting 
in decreased collagen synthesis and promotion of realignment 
of a lready present collagen [110,111]. The efficacy of pressure 
garments appears to be l imited to patients with moderate to 
severe scarring [110].

Surgical treatment for scars with cosmetic or functional 
limitations i s o ften d eferred u ntil m ore t han 1 y ear a fter 
injury. This i nterval a llows s ufficient t ime f or t he s car t o 
mature and for the use of nonsurgical management. Healed 
burn wounds with contractures can cause signiἀcant 
functional l imitations o r c osmetic c oncerns. O ptions f or 
reconstruction i n t he setting of contractures i nclude burn 
excision, t issue e xpansion, skin grafting, z -plasty r elease, 
and skin flaps (local or distant) [33,112].

Physical function and rehabilitation

During a nd a fter r ecovery, m obility a mong b urn p atients 
may be limited by weakness, deconditioning, pain, and con-
tracture. Physical limitations after burn injury can persist 
for years. As many as 20% of children who survived massive 
burns have serious long-term functional limitations, includ-
ing decreased p hysical functioning [ 112]. Rehabilitative 
exercise has been shown to improve muscle mass and physi-
ological function among pediatric burn pediatrics [113,114]. 
Follow-up with a multidisciplinary burn teams has been 
associated with improved physical function [113].

Electrical injury

Many pediatric electrical injuries result from low-voltage 
(<240 V ) e lectrical s hock a fter c ontact w ith h ousehold o ut-
lets. A child without a cardiac history who suffers a witnessed 
low-voltage i njury c an b e d ischarged h ome w ithout f urther 
evaluation i f only a m inimal burn wound i s present, t etany 
did not occur, and there was no loss of consciousness [115]. An 
electrocardiogram is required if the injury was unwitnessed, 
produced tetany or if more than a minor burn wound is pres-
ent. Although no speciἀc ECG abnormalities are known to be 
associated with electrical injury, any new abnormality should 
be monitored [116]. Serum creatine phosphokinase and uri-
nary myoglobin evaluations should be performed only a fter 
high-voltage injury to evaluate for signiἀcant muscle necro-
sis. L ow-voltage i njuries o nly r equire m onitoring a nd t est-
ing if the child has a h istory of cardiac disease or had loss of 
consciousness associated with the injury. Twenty-four hours 
of cardiac monitoring, creatine phosphokinase, and urine 
myoglobin evaluations are required for assessing the impact 
of high-voltage injuries (>240 V) or lightning.

High-voltage e lectrical i njuries c an b e a ssociated w ith 
signiἀcant muscle damage and myonecrosis. If myoglobin-
uria is detected on urinalysis, the patient is at risk for acute 
tubular n ecrosis a nd r enal f ailure. U rine o utput i n t hese 
patients s hould b e m aintained a t m ore t han 2 m L/kg/h. 
Mannitol a nd bicarbonate containing i nfusions have been 
used a s adjuncts i n t his setting, but d ata supporting t heir 

effectiveness a re l acking. W hen m uscle d amage i s s evere, 
the c ombination o f myonecrosis a nd fluid r esuscitation 
can lead to signiἀcant edema and compartment syndrome 
necessitating f asciotomies o f a ffected l imbs [ 117–120]. 
Technicium-99 pyrophosphate scans can be used to assess 
the extent of muscle damage after an electrical burn [118].

Chemical burns

Initial treatment consists of removal of any exposed cloth-
ing, dusting off of skin if the chemical agent is a powder, and 
copious irrigation of skin with room temperature water. Eye 
burns require prolonged lavage and an ophthalmologic con-
sult. Rundown of contaminated water onto unaffected skin 
should b e a voided. A lkaline c hemicals c ause l iquefactive 
necrosis, w hich results i n deeper p enetration a nd d amage 
than the coagulation necrosis caused by acid burns.

Directed treatment of chemical burns based on the spe-
ciἀc chemical involved is important for optimizing treat-
ment. D ifferent c hemical s kin e xposures r equire s peciἀc 
treatment s trategies. H ydrofluoric a cid s hould b e i nitially 
treated w ith w ater i rrigation a nd t hen n eutralized w ith 
topical c alcium g luconate g el. I f c alcium g luconate g el i s 
not a vailable, i t c an b e m ade b y c ombining a n a mpule o f 
calcium g luconate w ith 100 g o f l ubricating j elly. I njuries 
related to phenols (e.g., carbolic acid) are of particular con-
cern because of a r isk of absorption a nd systemic toxicity. 
Immediate and rapid irrigation with large volumes of water 
is m andatory b ecause i rrigation w ith s maller a mounts 
of w ater w ill d ilute t he p henol a nd en large t he a ffected 
area. C hildren s hould h ave l iver f unction tests p erformed 
24 hours after phenol exposure and should be monitored for 
systemic effects including pulmonary insufficiency, hepatic 
failure, a nd renal failure. Tar should i nitially be solidiἀed 
with c ooling w ater. O nce t he t ar h as h ardened, i t c an be 
removed with petroleum jelly, a surfactant surface mixture, 
or a product containing polyoxyethylene sorbitan.

Conclusion

The s uccessful t reatment o f b urns i n c hildren r equires 
aggressive i nitial a ssessment a nd t reatment i n a ddition t o 
long-term m anagement o f f unctional o utcomes. P rompt 
directed care and multidisciplinary follow-up now contrib-
ute t o e xcellent o utcomes i n c hildren e ven a fter t he m ost 
severe of burn injuries.
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8
Trauma from child abuse

CHARLES S. COX, JR., MARGARET L. JACKSON, and BENJAMIN M. AERTKER

Introduction

Caἀey a nd Kempe first focused t he medical community’s 
attention o n t he p roblem o f c hild a buse b y i dentifying 
an a ssociation b etween long-bone f ractures a nd  subdural 
hematomas in children. Further work led to Kempe’s sym-
posium and article ‘‘The Battered Child Syndrome’’ [1–3]. 
As awareness increased, it became clear that a  constellation 
of injuries is associated with child abuse and that these inju-
ries occur in patterns. Because the history is often unreli-
able o r d eliberately d eceptive, t he  recognition o f k nown 
patterns o f i njury a nd t he j udicious u se o f  diagnostic 
imaging are important in the evaluation of these patients. 
Unfortunately, p rospective r andomized c ontrolled t rial 
data o n c hild a buse a re u navailable. S ince  the t reatment 
of most of t he injuries associated w ith child abuse i s well 
described elsewhere in this and other texts, this chapter 
will not review the treatment of specific  injuries. Instead, it 
will attempt to assist the practitioner in deciding whether 
identified injuries could be caused by the reported mecha-
nism and in recognizing the unique associations that have 
been previously identified.

Literature-based guidelines

In t his updated s econd e dition, t he authors e xamined t he 
literature p ertaining t o n onaccidental t rauma o btained 
from MEDLINE and SCOPUS from 1990 to 2015 and clas-
sic articles from earlier time periods. There were no class I 

papers. Thus, standards of care cannot be developed accord-
ing to the definitions of evidence-based medicine. Although 
a f ew p apers fit i nto c lass I I ( prospectively c ollected d ata 
submitted t o r etrospective a nalysis), m ost w ere c lass I II. 
There is a v ast amount of empirically derived information 
that is supported by class III data.

Epidemiology

The U.S. Department of Health a nd Human Services esti-
mates t hat 7 02,000 c hildren w ere v ictims o f c hild a buse 
and n eglect i n 2 014, w ith a r ate o f 9 .4 v ictims o f a ll a ges 
per 1 000 c hildren. Three-quarters ( 75%) o f v ictims w ere 
neglected, 1 7% w ere p hysically a bused, 8 % w ere s exually 
abused, and 14% of victims suἀered two or more types 
of maltreatment. Children < 1 y ear of age account for t he 
largest percentage of child abuse victims with an incidence 
of 24 abused babies per 1000 children. The most common 
injury i s h ead t rauma. The r ate f alls a s a ge i ncreases t o a 
rate of 3.5 v ictims per 1000 children by age 17. The rate of 
abuse in the < 1-year age group has r isen since 2010 while 
rates f rom a ll o ther a ge g roups h ave r emained c onsistent 
[4]. When compared to all pediatric trauma patients, child 
abuse v ictims a re more l ikely to have h igher i njury sever-
ity scores at presentation (mainly due to severe head injury) 
and h igher m ortality r ates t han a ccidentally i njured c hil-
dren [5]. B oys < 1 y ear were m ore l ikely t o b e v ictimized 
than girls, but older girls were more likely to be victimized 
than boys of the same age. Caregiver risk factors for abuse 
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included alcohol abuse (9% of victims) and drug abuse (26% 
of v ictims). P erpetrators w ere m ost l ikely t o b e a p arent, 
41% mothers, 21% fathers, and 21% both mother and father. 
Eighty-three percent of perpetrators were in the age group 
18–44, with the age group of 25–34 having the highest rate; 
this is contrary to popular belief that young adults or teen-
age p arents a re t he l argest g roup o f p erpetrators o f c hild 
abuse and neglect [4]. Within abusive head trauma, perpe-
trators are most likely to be identified as the patient’s father 
or f ather figure, a ccounting f or 5 0%–70% o f c ases [6–10]. 
Notably, when infants are excluded abusive head trauma has 
been s hown to b e t he result of a n onparental c aregiver i n 
approximately 3 out of 4 cases [9].

Fatality rates from maltreatment are a lso higher for the 
very young, with 71% of fatalities in children younger than 
3  years. The r ate d ecreases w ith a ge. B oys h ave a h igher 
fatality r ate t han g irls a t 2 .48 v ersus 1 .82 f atalities p er 
100,000 children. Population data show that while the high-
est p ercentage o f c hild f atalities i s a mong W hite c hildren 
(43%), the rate of African American child fatalities is 4 .36 
per 100,000 African American children, almost three times 
the r ates o f W hite or H ispanic c hildren (1.79 p er 100,000 
White children and 1.54 per 100,000 Hispanic children) [4].

Initial evaluation and treatment

History

The history of presenting illness or injury is a critical com-
ponent of t he i nitial e valuation of i nflicted i njury i n c hil-
dren. The typical finding is a discrepant history that is 
modified o ver t ime a s t he c aretaker a dapts t he h istory t o 
developing medical information. Therefore, documentation 
of each interaction is important to catalog the evolution of 
the history during the hospitalization. Because the history 
is often unreliable, most injuries are discovered by physical 
exam and imaging studies.

Clinical presentation

Unexplained loss of consciousness or shock

Seriously abused children are often evaluated for an 
unexplained l oss of c onsciousness o r shock. A s w ith a ny 
life-threatening i njury o r c linical s ituation w ith h emo-
dynamic i nstability, s tandard r esuscitative i nterventions 
are employed. When the history is not consistent with the 
clinical s cenario, o r t here a re e xternal s igns o f a buse, 
the  evaluation s hould f ocus o n i maging s tudies t o d efine 
the injury. Typically, computed tomography (CT) scanning 
of the head and of the abdomen and pelvis during the same 
radiographic s ession a re u seful f or d emonstrating i ntra- 
and extra cranial pathology a s well a s v isceral i njury. The 
imaging studies help classify the mechanism and timing of 
injury. The evaluation of these children also includes retinal 
examination by an ophthalmologist and soft tissue exami-
nation to evaluate for patterned bruising or burns, as well 

as careful palpation for point tenderness, suggesting acute 
fractures. All children suspected of nonaccidental injury 
should also undergo a skeletal survey to evaluate for occult 
bony injuries.

External and soft tissue trauma

Injuries to t he skin a nd soft tissue include burns (contact 
and i mmersion), bruises, a nd patterned m arks a nd s cars. 
Patterns and locations of burns and bruises are often self-
explanatory, for example, clothing iron imprint directly on 
the back or thigh or hand-shaped bruise on the cheek. All 
of these physical findings can be correlated with the his-
tory. Pathologic bruising can be a source of confusion. This 
can usually be e liminated by routine coagulation s tudies. 
Bruises o f t he b uttocks, p erineum, o r a bdomen, o r m ul-
tiple b ruises o f v arying a ges, a re s uspicious f or i nflicted 
injury. I nflicted b urns a re u sually e ither i mmersion o r 
pattern-type injuries due to a hot object. Immersion burns 
often occur in a s tocking/glove distribution or on the but-
tocks a nd p osterior s urfaces o f t he t highs, l egs, a nd f eet. 
Pattern burns, such as those caused by an iron, are rarely 
unintentional.

Fractures

Fractures a re brought t o t he a ttention o f t he p hysician i n 
three w ays: (1) a cute e valuation f or f racture-related s igns 
and symptoms, (2) incidental discovery of old fractures on 
another radiographic study, and (3) by skeletal survey. The 
most critical step in determining the etiology of the fracture 
is the correlation of the injury with the age and development 
of t he child. Fracture patterns a nd t heir a ssociations w ith 
intentional injury are discussed below.

Imaging studies

Skeletal survey

All i nfants a nd c hildren w ith s uspected a buse s hould 
undergo a s keletal s urvey. P ostmortem s keletal s urveys 
should be performed on all children who die when abuse is 
suspected. High-detail systems with specific images should 
be performed, avoiding the ‘‘baby-gram’’ technique. Lateral 
spine a nd p elvic films h ave t raditionally b een i ncluded i n 
the skeletal survey; however, these studies carry a high radi-
ation exposure and low diagnostic y ield. In the absence of 
clinical findings of peripheral neurologic, spinal, or pelvic 
injury t hese s tudies m ay b e omitted f rom t he s urvey [11]. 
Repeat imaging in one to two weeks may show injuries not 
readily apparent on the i nitial s urvey due to t he develop-
ment of fracture calluses. However, as with the initial survey 
radiation, exposure to the child may be reduced by omitting 
the s kull, s pine, a nd p elvis v iews u nless s pecifically i ndi-
cated. Neurological injuries will most likely already be doc-
umented w ith a m ore sensitive CT or magnetic resonance 
imaging ( MRI). This l imited s urvey w ill r educe r adiation 
exposure b y a pproximately 9 0% without i mpact o n the 
diagnosis of skeletal fractures [12,13].
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Nuclear medicine

Bone s cintigraphy has b een suggested a s a n a lternative or 
complementary i maging m ethod t o p lain r adiographs f or 
occult f ractures associated with child abuse [14–16]. There 
have been no definitive studies demonstrating the superior-
ity of one over t he other. The major v alue of r adionuclide 
scintigraphy is its increased sensitivity for periosteal trauma 
of the extremities and trauma of complex anatomic struc-
tures such as the spine, ribs, and scapula. Thus, scintigraphy 
can further characterize or rule out multiple injuries in the 
child with a suspected mechanism of abuse.

Neuroradiology

CT of the brain is critical in the management of traumatic 
brain i njury ( TBI). M RI i s l ess r eadily a vailable i n t he 
acute setting. Thus CT is the primary imaging modality 
for c entral nervous s ystem (CNS) t rauma i n most i nstitu-
tions. Occasionally a d efinite d iagnosis is d ifficult because 
of the small and incompletely myelinated pediatric brain. 
Three-dimensional reconstructions of head CT images can 
be helpful in diἀerentiating fractures from normal variants 
[17]. MRI can be useful in the less acute setting to more pre-
cisely d efine c hronic a bnormalities. A c lass I I s tudy c om-
pared t wo g roups o f p atients w ith s imilar G lasgow C oma 
Scores and perinatal histories, categorizing the TBI as either 
accidental or inflicted [18]. Patients with inflicted TBI had 
higher r ates o f s ubdural, i nterhemispheric, a nd c onvexity 
hemorrhages a nd s igns of pre-existing abnormalities such 
as cerebral atrophy, subdural hygroma, a nd ex vacuo ven-
triculomegaly. S ubdural h ygroma o ccurred e xclusively i n 
patients with inflicted TBI with atrophy, suggesting a previ-
ously undetected TBI. Intraparenchymal hemorrhage, shear 
injury, and skull fractures were more frequent after acciden-
tal TBI.

CNS injury

Abusive head trauma

Caἀey first p ostulated a l ink b etween s haking i nfants 
and i ntracranial a nd i ntraocular h emorrhage w ithout 
evidence of external t rauma, which he termed “whiplash 
shaken b aby s yndrome” [1,2]. This en tity h as a lso b een 
referred t o a s s haken-infant s yndrome o r s haken-baby 
syndrome. M any i nfants w ith t his s yndrome a lso s how 
signs of impact injury to the head, ranging from skull frac-
tures to soft tissue injury. When these findings are present 
it i s o ften r eferred t o a s t he ‘ ‘shaken-impact s yndrome.’’ 
Abusive head trauma in children is sometimes further 
classified under the domain of “battered child syndrome” 
when more d istant i njury i s present [19–20]. The various 
terminology used to describe these injuries has a lso been 
shaped b y e xploration i nto t he u nderlying b iomechan-
ics a nd d etection o f o ccult b lunt t rauma. S ome a uthors 
have argued that shaking alone is insufficient to produce 
the r otational f orce ne cessary t o c reate s ubdural b leed-
ing [21,22]. Additionally, neurophathologic examinations 

following a busive h ead t rauma r eveal h igh i ncidences o f 
hypoxic ischemic insult and relatively few cases of dif-
fuse a xonal i njury w hen f atal [ 23–25]. I n l ight o f t hese 
controversies, the term “abusive head trauma” has gained 
the support of the American Academy of Pediatrics as the 
proper term for describing these injuries [26].

Infants w ith a busive h ead t rauma o ften p resent w ith 
sudden infant death syndrome (SIDS), seizures, coma, or 
apnea. The most common lesion on imaging is a subdural 
hematoma n ot a ssociated w ith s igns o f e xternal t rauma 
[27–29]. The cause of the subdural hematoma is avulsion 
of the venous bridges between the brain and dura due to 
the r apid a cceleration a nd d eceleration t hat o ccurs w ith 
violent s haking o r i mpacts [2]. There m ay a lso b e a sso-
ciated s kull f ractures. A ccidental s ubdural h ematoma i s 
rare i n i nfants, a nd i s n ot t ypically r elated t o l ow-level 
falls ( <4 f eet). I n t he a bsence o f a h igh-energy m echa-
nism of injury, such as a motor vehicle crash or fall from 
a s ignificant h eight, c hild a buse m ust b e c onsidered i n 
every case of subdural hematoma in children. In the clini-
cal s cenario o f reported m inimal t rauma i n i nfants, t he 
presence o f a s kull f racture w ithout i ntracranial i njury 
suggests a ccidental t rauma, w hereas s kull f ractures a nd 
intracranial b leeding o r i ntracranial b leeding a lone a re 
highly suggestive of child abuse [30].

Fundoscopic e xamination i s c ritical w hen a ssessing 
for abusive head trauma. Ocular findings must be evalu-
ated a nd r igorously d ocumented b y a n o phthalmolo-
gist. The v alidity o f c linical i nformation a nd d iagnostic 
studies in abusive head trauma cases is dependent on the 
completeness o f t he r etinal e xamination. A f ull a ssess-
ment i ncludes i ndirect o phthalmoscopy t o e xamine t he 
peripheral r etina. O ne s tudy d emonstrated t hat 2 9% o f 
patients w ith r etinal h emorrhages w ere n ot d etected b y 
nonophthalmologists [ 31]. C omplete p ostmortem o cu-
lar e valuation ( including t he o ptic n erve) i s t he g old 
standard f or t he d iagnosis o f r etinal h emorrhage [ 32]. 
The mechanism t hat produces retinal hemorrhage i s t he 
subject of debate in the l iterature. One theory postulates 
that a n a brupt i ncrease i n i ntracranial p ressure r esults 
in venous obstruction and retinal hemorrhage. This may 
be augmented by a brupt i ncreases i n i ntrathoracic pres-
sure due to thoracic compression. A s econd theory holds 
that acceleration/deceleration forces re sult i n t raction of 
the v itreous o n t he r etina w ith h emorrhagic r etinoschi-
sis cavities. Numerous class II and class III studies show 
that r etinal h emorrhages o ccur o nly r arely ( up t o 6 %) 
with severe head trauma and not at a ll with moderate or 
mild h ead t rauma [ 33–35]. I n c omparison, a r etrospec-
tive analysis of the National Pediatric Trauma Registry 
found t hat retinal hemorrhages were reported i n 28% of 
child a buse c ases i n c hildren u nder 5 y ears o f a ge [36]. 
Clinically, evidence of retinal hemorrhage is reported to 
have an approximately 74% sensitivity and 94% specificity 
for a busive h ead t rauma. This r eview r eports a s uperior 
sensitivity for retinal hemorrhage when compared to reti-
nal folds, traumatic retinoschisis, and optic nerve sheath 
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hemorrhage [35]. O ther c auses o f retinal h emorrhage i n 
infants include birth trauma, cardiopulmonary resuscita-
tion (CPR), hematological diseases, and ruptured vascular 
malformations. With rare exceptions, CPR does not cause 
retinal hemorrhage [32,37–39]. Bacon et al. and Kirschner 
and Stein each reported a c ase of retinal hemorrhage in 
an i nfant a fter v igorous r esuscitation [ 40,41]. P urtscher 
retinopathy, a lesion of diverse pathophysiologic origin, is 
a rare cause of retinal hemorrhage. However, this is rarely 
the cause of retinal hemorrhage and should be interpreted 
in the context of the clinical presentation.

Abusive h ead t rauma h as b een f ound t o r esult i n s ig-
nificant i ncreases i n l ong-term d ebility w hen c ompared 
to noninflicted injuries. In a prospective study of patients 
presenting w ith m oderate t o s evere T BI, 8 0% of p atients 
with inflicted injuries had moderate to severe disability at 
1 month following i njury a s c ompared to 4 5% of nonin-
flicted h ead-injured p atients [42]. A nother s tudy s howed 
that c ognitive a nd b ehavioral d eficits w ere m ore s evere 
and more prevalent in the inflicted injury group for years 
after injury [43].

Abdominal injury

Although t he t rue i ncidence o f a bdominal t rauma a s a  
result of child abuse is unknown, it is less common than 
burns, h ead i njuries, a nd m usculoskeletal i njuries [ 44], 
and represents less than 1% of all pediatric trauma admis-
sions [45]. The most common mechanism is a direct blow 
to t he m id-epigastrum. This c ompresses t he a bdominal 
viscera a gainst t he t horacolumbar s pine, w hich c an i n 
turn p roduce a b urst i njury t o t he i ntestine, p ancreatic 
contusion o r t ransection, d uodenal h ematoma o r p er-
foration, o r m esenteric l aceration ( Figures 8 .1 a nd 8.2) 
[46,47]. A s w ith a ny b lunt a bdominal t rauma, b leed-
ing f rom a s olid o rgan i njury c an a lso o ccur. C hildren 
with abdominal injuries tend to be older than those with 
shaken-infant/shaken-impact syndrome, 14–15 months 
versus 11 months [45,48]. The level II study in 2005 found 
similar m ortalities b etween c hildren w ith a bdominal 
injury a nd t he rest of t he nonaccidental t rauma popula-
tion. Children with abdominal injury were most likely 
to d ie f rom c oncomitant h ead i njury, a nd n o c hildren 
in t heir cohort d ied d irectly f rom t heir abdominal i nju-
ries. However, c hildren w ith i ntra-abdominal i njuries 
did have higher injury severity scores at presentation and 
were more likely to need emergent operation. In addition, 
patients with  visceral injuries had more associated intra-
thoracic trauma [45].

Patients with abdominal injuries secondary to abuse often 
present in shock late after their injuries. The cornerstones of 
the diagnosis of these injuries are the physical exam and CT 
scan of the abdomen and pelvis. Ultrasound is less helpful. 
The focused abdominal sonography for trauma (FAST) exam 
may play a role i n t he prioritization of i njury management 
in the multisystem injured child, but CT scanning provides 
more c omplete a natomic i nformation. P atients w ith o ther 

Figure 8.1 Flat abdominal radiograph demonstrating 
massive free intraperitoneal air. This was due to a jejunal 
perforation from a direct blow to the midabdomen.

Figure 8.2 Intraoperative photograph of the child whose 
radiographs are depicted in Figures 8.1 and 8.3. Note the 
avulsed proximal jejunum with perforation. The forceps 
are within the lumen of the avulsed segment, demonstrat-
ing the perforation. The child was struck in the midabdo-
men approximately 12–18 hours prior to presentation in 
hemorrhagic shock.
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injuries from nonaccidental mechanisms should undergo CT 
scanning of the abdomen and pelvis to evaluate for occult 
intra-abdominal i njuries. W hile m inor s olid organ i njuries 
in h emodynamically s table p atients m ay b e m anaged n on-
operatively, patients with hemoperitoneum often present late 
after their injuries and in hypovolemic shock. The principles 
of management of abdominal injury due to blunt abdominal 
trauma have been applied successfully to these injuries.

Fractures and fracture patterns

Caἀey recognized the pattern of fractures and head injury 
that a re i ndicative of nonaccidental i njury [1]. E ighty per-
cent of nonaccidental fractures occur in children less than 
18 m onths o f a ge [ 49]. I n e valuating a c hild w ith o ne o r 
more fractures a careful h istory a nd p hysical e xam w ith 
particular f ocus o n a ge a nd d evelopmental m ilestones i s 
important. A c ritical comparison o f the history w ith t he 
physical findings helps determine the l ikelihood that f rac-
tures were intentionally inflicted. The discovery of multiple 
fractures in diἀerent stages of healing or fractures inconsis-
tent with the developmental age of the child or the reported 
mechanism should raise suspicion of nonaccidental trauma. 
The presence of a nonaccidental fracture places the child at 
high r isk for s ubsequent i njuries a nd c hild protective s er-
vice (CPS) notifications [50].

Long-bone fractures

Long-bone f ractures, w ithout c onsideration o f m echanism, 
age of the patient, or associated injuries, have a low specific-
ity for child abuse [51]. Spiral fractures have been classically 
viewed as pathognomonic of abuse in nonwalking children. 
In a class III study, Scherl et al. noted that the majority of frac-
tures in children were transverse, and that this was also the 
most common pattern in cases of confirmed abuse. Because 
transverse fractures are often not felt to be caused by abuse, 
they a re l ess f requently t he s ubject o f i nvestigation [ 52]. 
Perhaps the most important factor in assessing the probabil-
ity of abuse with femur fractures is age. In children less than 
12 months old, 60%–80% of femoral fractures are related to 
abuse. In contrast, femoral fractures, as well as lower extrem-
ity fractures in general, are rarely determined to be the result 
of abuse in children older than two years of age [53–56].

The location of the humeral fracture is the most impor-
tant distinguishing feature to delineate between accidental 
and nonaccidental fractures. In infants and toddlers, mid-
shaft and metaphyseal fractures are more likely to be related 
to abuse, whereas supracondylar fractures are usually due to 
accidental falls [49,53].

Rib fractures

Rib fractures are uncommon in childhood, mainly because it 
requires a high-energy impact to break a child’s rib. Rib frac-
tures are believed to result from anterior–posterior thoracic 
compression during violent shaking (Figure 8.3). It has been 

estimated that 85%–100% of rib fractures in infants are due 
to a buse [53,57]. These f ractures h ave b een r eported a s t he 
most frequently detected occult fracture in suspected cases of 
child abuse [58]. Most reports state that fractures due to abuse 
occur in the posterior part of the rib near the costovertebral 
junction where the rib articulates with the transverse process 
[59]. However, some studies claim that fractures caused by 
abuse c an a lso o ccur i n t he a nterior a nd l ateral a spects o f 
the rib [14]. A postmortem radiologic–histopathologic study 
using high-resolution radiographic techniques demonstrated 
that the majority of rib fractures are not detected by routine 
skeletal surveys [60]. CPR is often implicated as a cause of rib 
fractures in children. This arose from reports of rib fractures 
in adults after CPR [61]. However, as is true for retinal hem-
orrhages from CPR, this association is either nonexistent or 
extremely rare in children and infants. Class II and class III 
data report that 0%–3% of pediatric rib fractures result from 
CPR [ 14,15,62]. R egardless o f l ocation, r ib f ractures a re 
a m arker for s evere t horacic i njury. I f r ib f ractures a re not 
explainable by a high-energy impact (motor vehicle crash or 

Figure 8.3 Skeletal survey demonstrating rib frac-
tures with fracture calluses noted. These findings were 
detected on the skeletal survey of the child whose injuries 
are shown in Figures 8.1 and 8.2. These old fractures and 
new injuries are pathognomonic of abuse.
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auto–pedestrian injury) or intrinsic bone disease, then child 
abuse should be considered as a possible cause. Suspicion for 
undiagnosed osteogenesis imperfecta should be low when rib 
fractures are diagnosed in infancy without evidence or docu-
mentation of perinatal/birth trauma [63].

Stairway injuries and low-level falls

Stairway falls are common during childhood, but have a lo w 
risk of mortality with a reported yearly rate of less than 1 per 
million c hild y ears [ 64]. A s o pposed t o fa lls f rom a h eight, 
stairway falls are discretely quantifiable without the confound-
ing va riable o f hi tting a nother o bject. F alls do wn s tairways 
are often implicated as the mechanism of injury by caregivers 
after nonaccidental trauma. Knowledge of the expected injury 
patterns a nd in jury s everity m ay p rovide a m ore o bjective 
basis for the diagnosis of nonaccidental trauma. Two class-II 
studies have specifically addressed the issue of injury pattern 
after s tairway-related in jury [ 65,66]. B oth s tudies co ncluded 
that truncal injuries were rare (2%–3%) a nd that head, neck, 
and di stal ext remity in juries w ere co mmon (70%–90%).  
Importantly, multiple injuries involving more than one body 
region were rare. While extremity injuries are common, femur 
fractures appear to occur rarely in s tairway or low-level fa lls 
[65,67]. Intestinal perforation as a r esult of stairway fa lls has 
never been reported. A 29-year review of all English language 
publications demonstrated no intestinal perforations due to an 
unobstructed stairway fa ll [68]. Therefore, intestinal perfora-
tion after a r eported stairway fall should be viewed as highly 
suspicious.

Physician responsibilities

It is the duty of the examining physician to report a ll sus-
pected cases of child abuse to CPS. It is not the duty of the 
physician t o b e a bsolutely c ertain t hat s uspicious i njuries 
or circumstances are related to abuse. Most large children’s 
facilities have child protection teams t hat consist of social 
workers, nurses, and physicians with expertise in this area. 
Following CPS notification, a written physician’s statement 
is required to document the basis for the reasonable suspi-
cion, the probable mechanism of injury, its severity, and the 
actual a nd a nticipated m edical c onsequences. The p hysi-
cian who prepares this statement must be prepared to testify 
about his or her findings in court. Many physicians and CPS 
teams find that medical photographs of the described inju-
ries assist in communicating and memorializing the physi-
cal findings in their report.

Diseases s uch a s o steogenesis i mperfecta, Menkes s yn-
drome (sex-linked recessive copper deficiency), temporary 
brittle bone disease, and congenital syphilis can cause bony 
abnormalities that mimic the eἀects of child abuse [69,70]. 
Hemophilia, purpura fulminans, or other disorders of coag-
ulation may present with bruising and frank bleeding, sug-
gesting t rauma. The h istory may appear i nconsistent w ith 
the physical exam if the examiner is unfamiliar with these 
diseases. Hermansky–Pudlak syndrome (functional platelet 

disorder) has presented with both subdural hematoma and 
retinal hemorrhage in an infant [71]. Mongolian spots may 
be mistaken for contusions.

Physicians a ccustomed t o e valuating c hildren f or s us-
pected abuse learn to recognize most of these diagnoses. In 
fatal cases, autopsy results can clarify the diagnosis. In non-
fatal cases a pediatric specialist trained in the evaluation of 
child abuse should assess all children with suspected abuse 
to minimize the possibility of a mistaken diagnosis. The risk 
of r epeat a buse i n p atients p resenting w ith n onaccidental 
trauma i s h igh w ith e stimates o f 2 6% o f c ases p resenting 
with a second episode of abuse at 1 year and 40% at 2 years 
[72]. Delays in d iagnosis a re not w ithout ramification a nd 
can lead to increased morbidity and even mortality [73].
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Imaging the injured child

PATRICK MCGOVERN and MICHAEL L. NANCE

Introduction

In an age of rapid technological advances and exponential 
growth in the number of tools available to clinicians, it has 
become increasingly important to determine when and how 
to use diἀering imaging modalities. Delivering high-quality 
care to injured patients requires rapid, accurate diagnoses, 
a need that has come to depend on radiologic studies. The 
pediatric population is no diἀerent, but presents additional 
challenges, including the potential long-term consequences 
of radiation exposure a nd logistical challenges such a s 
patient s ize a nd cooperation. Taken w ith other d ifficulties 
faced when treating pediatric patients, such as short oppor-
tunity windows and the inability of many to verbalize their 
concerns, s election o f t he o ptimal i maging m odality i s 
critical. Here, we discuss clinical algorithms and guidelines 
developed to maximize patient benefit while a lso l imiting 
failures i n t imely a nd a ccurate d iagnosis, e xcessive e xpo-
sure t o p otentially h armful p rocedures, a nd u nnecessary 
medical costs.

One o f t he m ost i mportant c onsiderations r egarding 
choice of imaging modality is the relative risk of radiation 
exposure e ach i maging t echnique d elivers. A s d escribed 
below, t he m odality c hosen i s h eavily g uided b y c linical 
presentation, injury location, and other factors that neces-
sitate certain s tudies. For example, vascular compromise 
often requires i mmediate a ngiographic e valuation i n t he 
absence of o ther m ore life-threatening i njuries, and f ew 
other s tudies c an p rovide t he i nformation n eeded f or 
proper management. I n contrast, s table adult p atients 
with concern for abdominal injury often receive computed 
tomography (CT) s cans, e ven t hough f ree-air v isualized 
under t he d iaphragm on a n upright chest x-ray is reason 
enough to perform a l aparotomy in many cases. The vast 
majority of ionizing radiation exposure related to imaging 

is d ue t o C T s cans, p articularly i n t he h ead a nd n eck 
region; s ingle C T s cans n ot o nly d eliver m ore r adiation 
than multiple plain-film studies, but a lso the relative risk 
of d eveloping m alignancy (due t o r adiosensitivity o f t he 
tissues in the head and neck) is higher [1]. Averaged in mSv 
over total studies per patient, CT scans are associated with 
the highest level of radiation delivered, followed by plain 
radiographs, and all other study types [2]. Although diag-
nostic s tudies c an produce a g reat d eal o f d ata relatively 
quickly, good clinical judgment must be used to determine 
what i maging s tudy ( if a ny) i s n ecessary t o c are f or t he 
patient, and what study is best suited to provide this infor-
mation at the lowest reasonable dose of radiation. “As low 
as r easonably a chievable,” o r t he A LARA p rinciple, h as 
become an important mantra for clinicians given the very 
real r isk of mutagenesis and cancer from excessive radia-
tion exposure in childhood. Although the benefits of indi-
cated CT scans generally far outweigh the risks of cancer, 
many are still performed in the absence of a true clinical 
indication [3].

Imaging of the head and neck

CT remains the standard of care for imaging of most cra-
nial a nd c ervical i njuries due to i ts relatively r apid s can 
acquisition time and the breadth of information provided. 
The main drawback of CT continues to be the associated 
ionizing r adiation. C T u sage w ithin t he g eneral p opu-
lation (all a ges) h as b een s teadily r ising; t he n umber o f 
pediatric emergency room v isits t hat i ncluded C T s cans 
jumped f rom 330,000 i n 2005 to 1.7 million i n 2008 [4]. 
This i s n ot w ithout c onsequence, e specially w ith r egard 
to head C T s cans. A retrospective cohort study i n 2012 
found t hat e xposure t o c hildhood C T s cans w as l inked 
to a n i ncrease i n c ases o f b oth b rain n eoplasms a nd 
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leukemia [5]. A ttempts to develop and put into practice 
other i maging m odalities s uch a s r apid m agnetic r eso-
nance imaging (MRI) have some promise [6], but have not 
yet gained widespread clinical use. Greater than 470,000 
visits to emergency departments (EDs) annually are asso-
ciated with some form of traumatic brain injury [7], and 
10%–15% o f a ll h ead i njuries c an b e c lassified a s s evere 
[6], necessitating t he use of i maging to define t he extent 
of injury and track progression. For less severe injuries, it 
can be difficult to determine when CT scans are truly war-
ranted. A n a lgorithm-based a pproach w as p roposed i n 
order to limit the number of unnecessary head CTs being 
performed for children without clinically important trau-
matic b rain i njury ( ciTBI) ( Figure 9 .1). B riefly, p atients 
are considered in two groups based on age (greater than 
or l ess t han 2 y ears o f a ge). O f a ll t he s igns a nd s ymp-
toms evaluated for both children less than and older than 
2 years of age, loss of consciousness, skull f ractures, sig-
nificant m echanism o f i njury, a nd G lasgow C oma S cale 
(GCS) < 14 w arrant C T s can e valuation ( Figure 9 .2) [ 8]. 
For c hildren l ess t han 2 y ears o f a ge, o bservation m ay 
be used in certain circumstances, such as the presence 
of s calp h ematomas, l oss o f c onsciousness g reater t han 
5 seconds, or odd behavior according to the parents or 
caretakers. For patients greater than 2 years, loss of con-
sciousness, v omiting, s evere m echanism o f i njury, o r 

severe h eadache m ay w arrant e xtended o bservation. I n 
both sets of patients, clinical factors such as the presence 
of m ultiple findings, p hysician e xperience, w orsening 
symptoms, a nd e ven p arental p reference c an b e u sed i n 
deciding b etween o bservation a nd C T s cans [ 8]. T aken 
with the other criteria mentioned, this algorithm obviates 
the need for CT evaluation in almost 60% of the patients 
evaluated in the ED for traumatic brain injuries, without 
increases in failure to diagnose life- threatening and mor-
bid injuries. Other imaging modalities t hat yield results 
less r apidly (e.g., M RI) may b e c onsidered at t he d iscre-
tion of consultants, if warranted and only after the patient 
is stabilized with all emergent issues addressed.

Blunt cervical injuries are rare in the pediatric population, 
accounting for less than 1% of a ll evaluations for t raumatic 
injury [9]. While guidelines for adult cervical imaging have 
been well established, the infrequency of cervical spine inju-
ries in the pediatric population makes development of proto-
cols challenging. Nevertheless, a 2011 study found that altered 
mental s tatus, f ocal n eurologic d eficits, c omplaint o f n eck 
pain (not p osterior neck t enderness), torticollis, substantial 
torso i njury, predisposing conditions, d iving, a nd h igh-risk 
motor vehicle crashes were all associated with cervical spine 
injury, and may serve as a starting point when determin-
ing w hich c hildren require a dditional i maging [9]. Though 
sensitivity i s c lose t o 1 00% w hen u sing t he a dult N ational 
Emergency X -radiography U tilization S tudy ( NEXUS) c ri-
teria for pediatric patients, a m ajority of children receiving 
cervical CT scans can be classified as low risk, and many of 
them a re s canned w ithout a ny p rior i maging—making i t 
likely t hat unnecessary exposure to ionizing radiation hap-
pens frequently in centers applying adult criteria to children 
[9]. For children with significant injuries or findings, prompt 
consultation with a spine surgeon can ensure that either the 
initial and/or subsequent imaging obtained can be properly 
used to rule out or plan for operative intervention, all while 
reducing unnecessary exposure.

The N EXUS g roup [10] i ncluded i n i ts s tudy a p ediatric 
cohort made up of 3065 patients younger than the age of 18, 
none o f w hom h ad m issed i njuries w hen t he c riteria w ere 
applied; caution is warranted, however, because of the small 
number of patients in early childhood included in the study 
[11]. In an eἀort to provide guidance, the Trauma Association 
of Canada released recommendations regarding cervical spine 
clearance in children; their recommendations are reproduced 
in Figure 9.3 [12]. Notably, t hey indicate t hat odontoid v iew 
radiographs are useful in cooperative patients, maintain that 
plain films should be used as a n i nitial a ssessment, flexion-
extension radiographs are indicated for persistent spinal ten-
derness, and that all patients with abnormal neurologic exams 
should undergo MRI [11]. Figure 9.4 reproduces a s uggested 
algorithm for determining appropriate imaging of the pediat-
ric cervical spine. In general, stable children who can undergo 
clinical examination do not need imaging except in the pres-
ence of abnormal physical findings. I f unable to c lear based 
on i nitial clinical p resentation a nterior/posterior ( A/P) a nd 
lateral films, with odontoid films if the patient can cooperate 

Figure 9.1 Clinically important traumatic brain injury. 
(Reproduced from Kuppermann N. et al., Lancet, 374, 
1160–1170, 2009. With permission.)

Clinically Important Traumatic Brain Injury (ciTBI)

• Neurosurgical Intervention for Traumatic Brain Injury (TBI)
• Death from TBI
• Intracranial pressure monitoring
• Elevation of depressed skull fracture
• Ventriculostomy
• Hematoma evacuation
• Lobectomy
• Tissue debridement
• Dura repair
• Other neurosurgical interventions

• Intubation for more than 24 h for TBI*
• Hospital admission of 2 nights or more for the TBI in association 

with TBI on CT†‡

• Hospital admission for TBI defined by admission for persistent 
neurological symptoms or signs such as persistent alteration in 
mental status, recurrent emesis due to head injury, persistent 
severe headache, or ongoing seizure management

* The 24-h period of endotracheal intubation for TBI was used to avoid 
misclassification of patients who might need brief intubation for airway 
protection for CT imaging, transfer between hospitals, or altered con-
sciousness caused by anticonvulsant medication use.

† The 2-night definition was created to exclude those children routinely 
admitted for overnight observation because of minor CT findings that do 
not need any specific intervention.

‡ Skull fractures were not regarded as traumatic brain injuries on CT unless 
the fracture was depressed by at least the width of the skull.
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are indicated. The NEXUS criteria for imaging include focal 
neurologic deficits, midline spinal tenderness, altered  loss of 
consciousness, patient intoxication, and t he presence of d is-
tracting i njuries. P atients w ith a ny o f t hese f actors s hould 

undergo further imaging [11]. For many pediatric patients, 
tincture of time will resolve the inability to clear the cervical 
spine. For patients who are stable and are being admitted to 
the hospital, consideration should be given to leaving the child 

Age < 2 years

CT not recommended

Age < 2 years

CT not recommended

CT recommended

CT recommended

Observation versus CT on the basis of other
clinical factors including

Observation versus CT on the basis of other
clinical factors including

Yes

Yes

No

No

•     Physician experience
•     Multiple versus isolated findings
•     Worsening symptoms or signs after
      emergency department observation
•     Age <3 months
•     Parental preference

•     Physician experience
•     Multiple versus isolated findings
•     Worsening symptoms or signs after
      emergency department observation
•     Parental preference

Yes

Yes

No

No

GCS =14 or other signs of altered mental status,†

or palpable skull fracture (13.9% of population,
4.4% risk of ciTBI)

†Other signs of altered mental
status: agitation, somnolence,
repetitive questioning, or slow
response to verbal communication.

Occipital or parietal or temporal scalp hematoma,
or history of LOC > 5 s, or severe mechanism of
injury, or not acting normally per parent (32.6%
of population, 0.9% risk of ciTBI)

GCS =14 or other signs of altered mental status, or
signs of basilar skull fracture (14.0% of the
population, 4.3% risk of ciTBI)

58.3% of the population,
<0.05% risk of ciTBI

53.5% of the population,
<0.02% risk of ciTBI

History of LOC or history of vomiting, or severe
mechanism of injury, or severe headache (27.7% of
the population, 0.9% risk of ciTBI)

Figure 9.2 Suggested CT algorithm for children younger than 2 years and for those aged 2 years and older with 
GCS scores of 14–15 after head trauma. (Reproduced from Kuppermann N. et al., Lancet, 374, 1160–1170, 2009. With 
permission.)

 1. It is possible to clinically clear the pediatric C-spine.
 2. Pediatric patients should be managed with the lowest possible radiation exposure caused by the potential risk of radiation-induced 

malignancy.
 3. The odontoid view radiograph may be beneficial in clearing the C-spine of cooperative patients.
 4. Plain radiographs should still be the initial assessment tool of choice with CT scan reserved for patients where more diagnostic certainty is 

required or when suspected injuries require further investigation.
 5. The flexion-extension radiographs may be indicated for evaluation of the neurologically intact patient with normal initial x-rays but a persistence 

of spinal tenderness.
 6. MRI is recommended for all patients with an abnormal neurologic examination as well as for patients requiring special investigation of their soft 

tissues and spinal cord.
 7. Pediatric patients with an unreliable clinical examination should be managed with a conservative and cautious approach.

Figure 9.3 TAC National pediatric C-spine clearance guidelines—summary of recommendations. (Reproduced from Chung 
S. et al., J. Trauma-Injury, Infect. Crit. Care, 70, 2011. With permission.)
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in a n a ge/size appropriate padded hard collar a nd reexami-
nation at a later time (e.g., next morning) to determine if the 
spine can be cleared without advanced imaging.

In addition to a relative lack of available data, children’s 
cervical s pines d iἀer f rom a dults a nd c an h ave n ormal 
radiologic findings that would be considered pathologic 
in o lder p atients. These i nclude p seudosubluxation, v ari-
able ossification, and e ven nonvisible vertebral bodies o n 
lateral plate studies [13]. In addition to highlighting the 
importance o f h aving e xperienced r adiologists a vailable 
for i nterpretation, t hese d iἀerences may a lso lead to more 
radiation exposure–heavy studies such as CT scans, given 
the limitations of other studies. MRI, however, plays a much 

larger r ole i n e valuation o f t he c ervical s pine t han m any 
other body regions, particularly because of the importance 
of resolution and the detail needed for determining spinal 
cord/canal i ntegrity [13]. Vascular s tudies and t heir value 
(such a s m agnetic r esonance a ngiography) m ust a lso b e 
given consideration when concern exists for a rterial com-
promise, a s t hey avoid t he r isks o f r adiation a nd c ontrast 
exposure while providing excellent a natomic detail. These 
injuries are rare, and much reliance will remain on CT until 
newer and faster methods can be put into practice. Many of 
the principles of pediatric cervical spine evaluation can be 
generalized t o t he r est o f t he s pinal c olumn, a s c hildren’s 
spines tend to be much more lax and mobile, which can 

Cooperative: A/P, lateral, odontoid x-rays
Uncooperative: AP, lateral x-rays

Neurologic exam

Normal/adequate x-rays?

Leave collar on***
Consider CT C-spine
Consult neurosurgery

CT
C-spine

Leave collar on***
Consult neurosurgery

Reexamine

C-spine clear
D/C Collar

Leave collar on***
MRI
Consider CT C-spine
Consult neurosurgery

Leave collar
on***
Consider
MRI

Discharge with close
follow-up, consider
collar removal

Consider flex/ex x-rays
Consider neurosurgery consult

Less than/equal
to 8 years

CT
Head,
C1–C3

*Awake and alert with
GCS=15

**Meets NEXUS
criteria, rotates 45
degrees bilat., flex/ext
w/o pain

***Long-term collar

Leave collar
on***
Consult
neurosurgery

C-spine clear
D/C collar

NO

NO

YES

YES

NORMAL

NORMAL

ABNORMAL/C-SPINE TENDERNESS

Normal/adequate x-rays
Abnormal/
inadequate x-rays

NORMAL

ABNORMAL

ABNORMAL

ABNORMAL

NORMAL

ABNORMAL

Able to clinically
clear C-spine?**

Greater
than 8
years

Planning
head CT?

FIGURE 9.4 TAC C-spine evaluation: patient with reliable clinical exam (*see description in legend in figure). (Reproduced 
from Chung S. et al., J. Trauma-Injury, Infect. Crit. Care, 70, 2011. With permission.)
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have a protective eἀect against injury when compared to the 
more rigid and immobile adult spine [14]. Cerebrovascular 
injury in children also occurs less frequently than in adults 
(possibly d ue t o i ncreased v essel e lasticity) r esulting i n a 
lack of clearly delineated imaging algorithms specific to the 
pediatric population [15].

Thoracic injuries

As i n t he h ead a nd n eck, s pecial c onsiderations r egard-
ing thoracic radiographic findings exist for the pediatric 
population. Softer, less ossified rib cages in children may 
result in transmission of energy to underlying structures 
without f racture o f t he a djacent r ib; a s m any a s 5 2% o f 
significant t horacic t rauma o ccur i n t he a bsence o f r ib 
fractures [ 16,17]. W hen f ractures a re p resent, t hey a re 
commonly l ocated p osteriorly ( as o pposed t o l aterally 
as in adults) [17,18]. In addition, because of the pliabil-
ity o f t he p ediatric c hest w all, w hen m ultiple r ib f rac-
tures are present, the suspicion of child abuse should be 
raised. Fractures of the first rib especially are concerning, 
given t he a mount o f en ergy n eeded t o c ause s uch i nju-
ries. Typically, t hey c an r esult f rom h igh-impact f orces, 
compressive forces, shaking, or acute axial loads [19]. Due 
to a lack of fixation of the central mediastinal structures, 
children are particularly susceptible to the consequences 
of tension p neumothorax and t hus such injuries should 
be t reated expeditiously [20]. In addition to noninvasive 
monitoring, cardiac evaluation can be supplemented with 
sonography f rom f ocused a bdominal s onography f or 
trauma (FAST) exams performed as part of the resuscita-
tion workup. The FAST exam can provide quick informa-
tion regarding the presence of pericardial fluid and even 
myocardial c ontractility. Transthoracic a nd t ransesoph-
ageal e chocardiography h ave a lso b een u sed t o i dentify 
both myocardial and aortic injury, even prior to CT scan-
ning [21]. Given the acuity that chest trauma can present, 
the physician must formulate a diagnosis a nd treatment 
plan rapidly, with support from the aforementioned stud-
ies as indicated.

As in injured adults, the chest x-ray remains the main-
stay for the initial evaluation of thoracic injuries in children. 
Most c linically r elevant i njuries i n t he c hest ( pulmonary 
contusion, pneumothorax, hemothorax, and rib fractures) 
[17] a re v isible on plain r adiographs. Despite t he obvious 
superior sensitivity of CT scans, plain-film studies also 
have b een f ound t o y ield v aluable c linical i nformation a t 
reduced cost and radiation exposure, validating their use as 
initial studies [22]. A 2008 retrospective study showed only 
17% of findings seen on CT but not plain films resulted in 
changes in management or intervention [22]. As an exam-
ple, C T s cans identified m ore t han s ix t imes t he number 
of pneumo/hemothoraces t han plain chest films, yet only 
4 out of 47 of these patients required thoracostomy tubes, 
and only 2 of t hose 4 p atients had injuries t hat could not 
be identified on plain films [23]. This, of course, is in stark 
contrast to the head and neck, where more radiation heavy 

imaging m ay b e r equired t o c onfirm c ommon a nd l ife-
threatening injuries. Chest radiographs do have their limi-
tations, as serious injuries l ike diaphragmatic rupture can 
be obscured by concurrent parenchymal injuries within the 
chest (atelectasis, contusion, hemothorax, etc.) and clinical 
suspicion of such damage can be lacking [17]. In order to 
define more complicated injuries as well as missile t rajec-
tories, multidetector CT is most often used, though even 
in t hese cases it i s important to l imit exam t ime as much 
as possible. M RI i s often too t ime-consuming for routine 
use in chest evaluation, as thoracic trauma can frequently 
require em ergent i ntervention w ithout a ny r adiographic 
diagnosis. Decompensation is often rapid and unexpected 
in t he p ediatric p opulation, a nd w aiting for a c hest x-ray 
before emergent decompression or placement of thoracos-
tomy t ubes c an be detrimental. A long w ith c linical judg-
ment, u ltrasonography c an s erve a s a n a djunctive s tudy 
to d etect a nd q uantify p neumo/hemothorax a nd o ther 
pleural p rocesses. I n a ddition, b edside u ltrasonography 
may facilitate placement of an appropriate catheter. Chest 
radiographs may miss small collections (air or fluid), non-
displaced r ib f ractures, or c ontusions; however, t he c lini-
cal significance of these occult findings must be questioned 
[17,24]. It has been recommended that high dosage of mul-
tidetector CT scans should be reserved for those with high 
likelihood o f c hest i njury t hat m ay r equire i ntervention 
such as patients requiring positive pressure ventilation, tra-
cheobronchial compromise, or suspected vascular or aortic 
injury [17]. Factors predisposing patients to significant tho-
racic injuries have been identified and include hypotension, 
elevated re spiratory r ate, a bnormal re sults on c hest e xam 
findings including abnormal auscultation, femur fracture, 
and a GCS score of less than 15 [25]. The presence of these 
findings can help point t he clinician in the correct direc-
tion regarding the use of CT and other potentially harmful 
studies in the absence of definitive management algorithms 
although i nitial p lain r adiographs a re s till i ndicated i n 
most of these cases.

Aortic a ngiography, C T a ngiography, a nd o ther i mag-
ing m odalities should b e em ployed i f t here i s e vidence of 
central chest pathology (e.g., mediastinal widening on chest 
x-rays). In cases of suspected aortic injury, CT angiography 
is the study of choice given the brevity of the study and finer 
resolution in comparison to MR-based angiographic stud-
ies [26]. Large vessel injury in the chest poses a s ignificant 
threat to l ife, and the risks of radiation exposure and con-
trast use are far outweighed by the need to define and diag-
nose these injuries in the appropriate clinical setting.

Abdomen and pelvis

Aside from providing v aluable information r egarding the 
chest, plain-film studies of t he t horax can a lso y ield some 
information regarding t he a bdomen, i ncluding “air-under 
the d iaphragm” ( indicating h ollow v iscus i njury) a nd t he 
locations of a ny re tained m issiles. Abdominopelvic r adio-
graphs, h owever, e xcept f or t he a forementioned findings, 
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rarely provide additional information outside of pelvic skel-
etal integrity [27]. Management of intra-abdominal injuries 
is based on the location, severity, and hemodynamic status 
for c hildren w ith s olid o rgan i njuries. Thus, C T s can h as 
been t he g old s tandard d ue t o t he r apid s can a cquisition 
time and r eliable characterization o f solid visceral injury. 
Although u ltrasonography ( as p art o f a F AST e xam) h as 
become a m ainstay i n t he i nitial e valuation o f a bdomi-
nal t rauma i n t he a dult p atient, i ts role i n t he a ssessment 
of t he p ediatric p atient i s l ess c lear. M any c onsider FAST 
insensitive in children, and lacking information regarding 
the g rade of s olid organ i njury [28]. L ike other regions of 
the body, CT has become t he preferred method for defin-
ing the extent and nature of injury; in the absence of con-
vincing physical e xam findings, i t c an help determine t he 
need for operative intervention. As in adults, even relatively 
rapid studies such as CT scans should be reserved for hemo-
dynamically stable patients, and should be deferred in t he 
presence of hard indications for immediate surgery. Though 
solid viscus injury is typically easy to identify by CT scan, 
hollow v iscus i njury c an b e m ore d ifficult t o d etect [ 29] 
and m ore f requently r equires o perative i ntervention. F ree 
extravasation of air or oral contrast has limited usefulness 
in identifying hollow viscus injuries; free unexplained fluid 
within the peritoneal cavity, however, is present in at least 
50% of children with bowel perforation [29,30]. Other stud-
ies have i ndicated t hat f ree a ir i s t he only radiologic find-
ing that is an automatic indication for laparotomy, and then 
only i n t he a bsence of bronchial, p leural, or c hest p athol-
ogy [31]. Oral contrast does not increase the sensitivity for 
finding such injuries, though specificity may be slightly 
improved [32].

The abdomen a nd pelvis make up a s ignificant portion 
of t he c hild’s c entral b ody m ass, t hus m any o rgans a re 
exposed to ionizing radiation with CT scanning. In order to 
reduce this number, the Pediatric Emergency Care Applied 
Research N etwork ( PECARN) e stablished s even c linical 
historical items that greatly increased the risk of an injury 
needing s ignificant i ntervention o r o peration ( and t hus 
warrant CT scan): abdominal wall bruising, GCS score < 14, 
abdominal t enderness, t horacic t rauma, a bdominal p ain, 
decreased breath sounds, and vomiting [33]. It was recom-
mended that patients with these findings undergo CT scan-
ning i f o therwise c linically a ppropriate. There a re d ata t o 
support that children presenting with blunt trauma due to 
nonmotorized force along with normal GCS scores and nor-
mal SIPA  (shock index, pediatric adjusted) [34] are unlikely 
to n eed i ntervention a nd c an s afely u ndergo o bservation 
instead of a C T s can [34]. For p enetrating i njuries (where 
violation of t he peritoneum is assumed to have occurred), 
CT scan may be useful in determining trajectory and iden-
tifying organs injured. CT scanning s hould not, however, 
delay operative intervention when there is an indication for 
laparotomy.

Adjunctive s tudies fill t he g aps l eft by p lain films a nd 
ordinary CT scans in identifying serious injuries requiring 
repair. C ontrast-based e xams a nd r etrograde c ystography 

can help identify active hemorrhage from solid organ injury 
and h ollow-viscus d amage, a s w ell a s g enitourinary i nju-
ries, respectively. Rectal contrast enhanced pelvic CT scan 
for penetrating lower abdominal and pelvic injuries can be 
quite valuable in confirming the presence and extent of inju-
ries [35]. CT is a more sensitive method for visualizing bony 
injuries to the pelvis, though plain films are sometimes all 
that can be obtained due to patient instability or the rapid 
need for i ntervention [36]; a C T should be performed a ny 
time a pelvic fracture is identified as the situation permits.

Angiographic s tudies ( both d iagnostic a nd i nterven-
tional) p lay a c ritical role i n abdominal a nd p elvic i nju-
ries; they allow for precise localization of injury and can 
obviate t he n eed f or m orbid i nterventions s uch a s o pen 
vessel repairs and laparotomies. Although identifica-
tion is important, nonoperative management of bleeding 
injuries in the stable pediatric patient is still indicated in 
most cases. For example, active extravasation or “blushes” 
seen o n s tudies i n p atients w ith s plenic i njuries d o n ot 
mandate i nterventions s uch a s a ngioembolization [ 37]. 
Such m easures s hould b e r eserved f or u nstable p atients 
or those failing conservative management. Most (60%) 
of h emorrhages s temming f rom p elvic i njuries c an b e 
treated w ith pelvic fixation a lone, a nd 75% of t he others 
can b e a dequately v isualized a nd t reated w ith a ngioem-
bolization [38]. Liver injuries behave similarly, requiring 
operative i ntervention o nly i n s evere c ases. D elayed C T 
angiographic studies can also be used to identify urinary 
tract i njury, w ith e xtravasation o f u rine o r b lood [ 29]. 
Kidney injuries also rarely require operative intervention 
in the setting of trauma.

Peripheral and musculoskeletal studies

Fractures a nd d islocations i n c hildren d o not  re quire 
nearly as much imaging and radiation dosage to diagnose 
compared to traumatic injuries in other body regions, and 
in some cases they require none at all. Any fracture associ-
ated with concerning signs (lack of pulse distal to fracture, 
neurologic c ompromise, s evere m ottling o r d iscolor-
ation of skin, missile or crush injuries, etc.) will require 
more extensive imaging (including CT or angiography). 
Information needed to save l imbs should be obtained so 
long as an immediate threat to the patient’s l ife does not 
exist. U ncomplicated s keletal i njuries c an g enerally b e 
managed w ith p lain-film s tudies, w hich s hould b e p er-
formed when evidence of a f racture or dislocation exists; 
this i ncludes g ross d eformity, o pen f ractures, a nd o ther 
criteria based on the particular limb and body region. It 
is g enerally a g ood r ule o f t humb t o i mage e ach o f t he 
joints s urrounding ( “above a nd b elow”) a ny i dentified 
musculoskeletal d eformities i n o rder t o f ully d efine t he 
extent o f i njury a nd r ule o ut f urther j oint i nvolvement. 
Fractures across g rowth plates a nd other a reas c an have 
long-term c onsequences a ἀecting g rowth a nd m atura-
tion, making it important to p roperly define such inju-
ries; MRI has improved resolution over other modalities 



References 105

and s hould b e u sed f or s uch p urposes, i f c oncern e xists 
[39]. In selected cases, CT scanning may provide informa-
tion necessary to appropriately triage orthopedic injuries 
for transfer or operative planning. The decision to obtain 
advanced i maging i n t he e valuation o f m usculoskeletal 
injury should be done in conjunction with the orthopedic 
surgeon.

The role of imaging in pediatric trauma 
resuscitation

Modern pediatric hospitals and trauma centers have become 
very efficient in the initial management of critically injured 
patients, a nd m any t asks a re p erformed s imultaneously. 
In a ddition t o s teps r outinely p erformed (vascular a ccess, 
laboratory d raws, p rimary a nd s econdary s urveys) t he 
need for imaging and intervention depends greatly on t he 
initial c linical findings. Though t he p atient’s a irway, a bil-
ity to breathe, and circulatory status should always remain 
a priority, portable chest x-rays can be performed after the 
primary survey i f deemed necessary by t he medical team. 
Close attention should also be paid to neurologic status and 
any evidence of spinal compromise, as posterior tenderness, 
deformity, and loss of rectal tone may indicate the need to 
evaluate spinal integrity. Head CT can be prioritized if nec-
essary. In patients with suspected abdominal injuries, FAST 
exams can be performed as part of or a fter t he secondary 
survey; in unstable patients, it may be the last imaging per-
formed prior to operative intervention. It is also important 
to identify a ll p enetrating i njuries, u rethral b leeding, a nd 
rectal bleeding, as this will dictate which areas require 
imaging w ith o r w ithout o ral, r ectal, a nd o ther c ontrast 
agents. A ny p elvic i njury o r i nstability w arrants b edside 
radiography to identify potentially life-threatening injuries, 
for example, open book fractures. If pulseless limbs or other 
evidence of vascular compromise are identified, the medical 
team s hould prepare f or a ngiographic i ntervention o r C T 
angiography. Plain films of extremities and other fractures 
(clavicle, shoulder) can be deferred until the second phase or 
afterward depending on whether or not the patient requires 
intervention. The tertiary survey (usually performed the day 
after admission) can include any newly identified or evolv-
ing injuries/ traumatic processes.

If t he patient does not proceed d irectly to t he operating 
room or another interventional procedure, further imaging 
(including CT) should be considered. “Exam-based imaging” 
or t he practice o f focusing r adiographic s tudies on c linical 
areas of concern rather than relying on broad studies should 
be the standard approach. CT scans should be l imited only 
to t he a rea o f c oncern. R outine u se o f “ pan s cans” (whole 
body CT scanning) should be condemned. Keeping in mind 
the need to keep radiation exposure as low as possible, chil-
dren frequently can be observed or even sent home, if clini-
cally appropriate. As sedation is required in some patients to 
obtain advanced imaging, this must be factored when consid-
ering the type of imaging and need for sedative [40].

Summary and conclusions

Children can present with a wide variety of injuries, includ-
ing multisystem t rauma a nd other s erious c onditions; t he 
tendency to image as much as possible can be a strong one, 
especially in the face of major, multisystem injuries [41–44]. 
It is important to remember that along with increasing the 
number of misleading or unhelpful findings, many advanced 
imaging studies carry with them the added risk of radiation 
exposure a nd o ften t he n eed t o s edate o r a nesthetize t he 
patient. Caring for injured children requires striking a bal-
ance b etween m aximizing t he a mount o f u seful i nforma-
tion available to help direct management and unnecessary 
harm and resource utilization. As technology improves, our 
ability to diagnose and treat will also improve, but an exam-
based imaging strategy will stand the test of time.
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10
Transfusion therapy in injured children

LISA HENSCH and JUN TERUYA

Introduction

Historical perspective

ἀ e practice of transfusion medicine has evolved over t he 
years as we develop a deeper understanding of the effects of 
anemia, how particular patients tolerate anemia, coagulation, 
and t he risks a ssociated w ith transfusion. A t first, the u til-
ity of t ransfusion was l imited by both our understanding of 
the ABO system and red blood cell (RBC) antigens, leading 
to both acute and delayed hemolytic transfusion reactions. In 
addition, b lood w as c ollected f rom u nscreened d onors a nd 
carried a much greater risk for the development of transfusion-
transmitted infections including hepatitis B virus (HBV), hep-
atitis C virus (HCV), human immunodeficiency virus (HIV), 
and human T-cell lymphotropic virus. Today, our knowledge 
of these systems and enhanced testing methods for infection 
allow us to transfuse patients more safely. However, emerging 
infections such as West Nile virus, Zika virus, and the risk of 
prion d isease still t hreaten our blood supply. Transfusion of 
blood products is also still associated with a number of adverse 
reactions including acute and delayed hemolysis, transfusion-
related a cute l ung i njury ( TRALI), t ransfusion-associated 

circulatory overload (TACO), and transfusion-related immu-
nomodulation. C linicians s hould t herefore r emain m indful 
that transfusion is not without risk and should only occur in 
the appropriate setting.

During transfusion medicine’s infancy, whole blood, col-
lected in glass bottles, was all that was available for transfu-
sion. A s one c an i magine, t here were problems a ssociated 
with both compatibility a nd mobility of t he blood supply. 
As b etter m ethods b ecame a vailable, w e h ave m oved t o 
component-based t herapy. D ifferential c entrifugation a nd 
apheresis t echniques n ow p rovide i ndividual p roducts: 
RBCs, plasma, platelets, and cryoprecipitate. In addition, we 
now have a multitude of hemostatic agents to choose from 
to help better control active bleeding.

Epidemiology

An a udit o f b lood c omponent u se i n t he U nited S tates 
showed that an estimated 13.8 million RBC units, 2.17 mil-
lion platelet units, 3.9 million plasma units, and over 1 mil-
lion c ryoprecipitate u nits were t ransfused i n 2 011 [1]. ἀ e 
pediatric p opulation a ccounted f or 2 65,000 R BC u nits, 
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127,000 platelet units, and 58,000 plasma units, which rep-
resented a significant decline in pediatric transfusion over-
all since 2008 [1]. Trauma is the leading cause of mortality 
in c hildren a ges 1–18 y ears, a nd t he majority a re m otor 
vehicle related [2]. Review of the National Pediatric Trauma 
Registry ( NPTR, O ctober 2 000) d emonstrates t hat, o f t he 
39,681 children in the database, 3453 (0.9%) received blood 
component therapy. ἀ is low incidence of transfusion is 
likely due, in part, to the mild (Injury Severity Score [ISS] 
1–9) t o m oderate ( ISS 10–19) i njury s everity, w hich c om-
prises 9 0% of t he c hildren w ithin t he N PTR. I n p ediatric 
patients suffering from blunt or penetrating trauma, a study 
of 748,347 patients reveals that only 13,859 patients received 
a transfusion. Of these, a higher percentage of patients with 
penetrating trauma received transfusions (6% vs. 2%) [3].

Selected i njured c hildren w ith m ultiple i njury o r s evere 
solid organ injury will require blood transfusion. In a p opu-
lation of severely i njured children, ISS > 25 , Glasgow Coma 
Scale (GCS) < 7 , i mmediate b lood t ransfusion > 2 0 m L/kg, 
and P ediatric T rauma S core < 4 w ere a ll i ndependent r isk 
factors for death. ἀ e probability of death was 0.63 in t hose 
children with all threshold values [4]. Nonoperative manage-
ment is now the accepted treatment of solid organ injury in 
the hemodynamically stable child [5,6]. ἀ e fear of excessive 
transfusion h as l ed s ome t o q uestion t his f orm o f m anage-
ment. Using decision analysis, Feliciano et al. concluded that 
the nonoperative management of splenic injuries was associ-
ated w ith a n i ncreased m ortality f rom t ransfusion-related 
deaths [7]. ἀ ese concerns seem unfounded in children, since 
a number of studies demonstrate that the operative manage-
ment of splenic and liver injuries is associated with a g reater 
transfusion requirement than nonoperative management [8–
10]. Moreover, the tendency to t ransfuse children with solid 
organ injury appears to be declining [11]. Isolated orthopedic 
injuries r arely r equire t ransfusion i n c hildren u nless o ther 
injuries a re p resent o r t hey i nvolve m ajor d isruption o f t he 
pelvic r ing [12–14]. A mong children admitted w ith t rauma, 
children e ventually a dmitted t o t he p ediatric i ntensive c are 
unit (PICU) are more likely to be transfused after reaching the 
PICU (67% of those transfused) rather than before reaching 
the PICU [15]. ἀ ese children are also more likely to require 
mechanical ventilation and have a higher risk of mortality 
[15]. In summary, while it appears that the need for transfu-
sion in children is low, severely and multiply injured children 
are more likely to require blood component therapy.

Pathophysiology

Hypovolemic shock due to acute blood loss is the most com-
mon form of shock observed in injured children. By defini-
tion, shock represents a state of inadequate tissue perfusion 
to maintain normal cellular and organ function. ἀ e main-
tenance or restoration of normal oxygen delivery (DO2) to  
tissues, n ot a n a rbitrary h emoglobin v alue, s hould b e t he 
primary t herapeutic g oal o f R BC t ransfusion. ἀ e D O2 i s 
defined a s t he p roduct o f b lood flow (cardiac o utput) a nd 
arterial oxygen content (CaO2). At or near the critical DO2 

point, two parameters that reflect t issue perfusion begin to 
change: (1) lactate level increases and (2) the oxygen extrac-
tion r atio ( OER), d efined a s o xygen c onsumption/DO2, 
increases. Increases in the OER and lactate below the critical 
DO2 point represent a physiologic transfusion trigger [16].

Interventions t o i mprove D O2 a re d irected t o m axi-
mize c arbon m onoxide ( CO) a nd O 2 c arrying capacity. 
In the setting of traumatic shock, cardiac output is opti-
mized first b y i ncreasing p reload w ith fluid r esuscitation. 
Reducing afterload or supplementing cardiac contractility 
may b ecome n ecessary i f fluid r esuscitation a lone f ails. I f 
efforts to improve cardiac output are insufficient to improve 
DO2, t hen o xygen c ontent m ay b e t argeted. O xygen-
carrying c apacity d epends o n s everal v ariables [ CaO2 = 
1.36 × hemoglobin × saturation ( %) + 0.0034 PaO2], but 
hemoglobin c oncentration is t he principal determinant. 
An acute decrease in hemoglobin produces a d rop in DO2 
unless t here i s a c ompensatory i ncrease i n c ardiac output 
(Figure 10.1). A healthy individual may tolerate up to a 40% 
decrease in blood volume by increasing heart rate, redistrib-
uting fluid from the extravascular space to the intravascu-
lar space, reducing blood viscosity, and increasing oxygen 
extraction. E nsuring complete oxygen s aturation w ith t he 
augmentation o f i nspired o xygen i s e asily a ccomplished 
with t he a ddition of supplemental oxygen. I n general, t he 
healthy patient c an c ompensate as hemoglobin falls to 
5 g/dL, but below this level compensatory responses begin 
to fail. ἀ ey become inadequate at levels below 3.5 g/dL. ἀ e 
mortality r ate e xceeds 5 0% f or h emoglobin c oncentration 
less than 3 g /dL [17]. In the setting of refractory shock and 
maximized cardiac output, increasing the hemoglobin con-
centration with blood transfusion becomes necessary.

ἀ e a ctual u tilization o f o xygen b y t issues i s o xygen 
consumption. W hen o xygen c onsumption e xceeds o xy-
gen a vailability, a naerobic m etabolism b egins a nd l actate 
production i ncreases. I n h emorrhagic s hock, r educed O 2-
carrying c apacity a nd b lood v olume c ontraction e xist a t 
the same t ime. Restoration of blood volume by crystalloid 
infusion can reestablish cardiac output. Current experience 
suggests t hat o therwise h ealthy pa tients w ith h emoglobin 
values of less than 10 g/dL rarely require transfusion. Studies 
in Jehovah’s Witness patients who refuse blood transfusion 
demonstrate t hat e xtremely l ow hemoglobin l evels c an b e 
tolerated [18]. In surgical patients who refuse blood, Carson 
found that no deaths occurred among patients with hemo-
globin levels >6 g/dL and blood loss less than 500 mL [19].

ἀ e critical principle in the management of the trauma 
patient is the restoration of DO2 and correction or avoid-
ance of tissue hypoxia. ἀ e decision to augment DO2 in the 
setting o f h emorrhagic s hock w ith t he a dministration o f 
blood depends upon the severity of preexisting blood loss, 
the degree of ongoing blood loss, and the individual’s com-
pensatory a bility t o m aintain t he b alance o f D O2 t o c on-
sumption. ἀ e optimal transfusion trigger remains elusive, 
but healthy patients tolerate hemoglobin as low as 7 g/dL if 
adequately resuscitated and without ongoing blood loss. In 
a study of healthy volunteers, acute isovolemic reduction of 
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hemoglobin to 5 g/dL results in increased heart rate, stroke 
volume, and cardiac index and a slight increase in oxygen 
consumption, but does not produce evidence of inadequate 
systemic DO2 or increased lactate production [20]. ἀ e same 
is t rue o f e uvolemic pa tients u ndergoing e lective su rgical 
procedures [19]. I n a n e lderly p opulation u ndergoing su r-
gical repair of hip fracture, a hemoglobin concentration of 
>8 g/dL had no apparent effect upon 30- or 90-day mortal-
ity [21]. Together these studies demonstrate that in diverse 
populations o f p atients, lo w h emoglobin i s w ell t olerated, 
even i n pa tients u ndergoing su rgery, i f i ntravascular v ol-
ume is maintained and cardiac function is satisfactory.

In the setting of trauma, the adequacy of resuscitation is 
guided by the restoration of normal vital signs and organ per-
fusion. ἀ e use of lactate measurements to detect inadequate 
tissue p erfusion a nd, t herefore, i nadequate r esuscitation i s 
helpful i n s elected s ituations. M inimally i nvasive measures 
of t issue o xygenation, s keletal m uscle o ximetry, o r g astric 
tonometry, as well as the more invasive techniques of central 
vascular monitoring, have been used in an attempt to identify 
the endpoints of resuscitation. Yet, no single parameter exists 
to define the optimal transfusion trigger, and the decision to 
transfuse must be made on a case-by-case basis.

Component therapy

At the time of collection, blood is typically fractionated into 
its constitutive components of RBC, platelets, plasma, cryo-
precipitate, a nd c oncentrated c lotting f actors. C omponent 
therapy a llows t he m ore e fficient u se o f d onated b lood 

and a voids t he u ndesirable e ffects o f w hole b lood d ue t o 
antibody–antigen r eactions. I n c ombat s ettings a nd s ome 
trauma centers, whole blood use is making a resurgence.

Whole blood

Use of whole blood is often restricted by ABO blood types, 
and when used should generally be an exact match for the 
recipient. Group O whole blood, traditionally considered to 
be t he u niversal donor of R BCs, has plasma t hat contains 
both anti-A and anti-B. However, group O whole blood with 
low titers of anti-A and anti-B has been used in military con-
flicts w hen a ppropriate c omponent t herapy i s u navailable 
and is considered to be “safe” when type-specific products 
cannot be obtained [22]. While the transfusion of 2 units of 
group O whole blood appears to be safe, additional studies 
are needed to determine the efficacy of these products [23]. 
As such, t hese products a re u nlikely to be routinely avail-
able, but may find increasing popularity in trauma resusci-
tation in the civilian population in the future.

Red blood cells

RBCs are obtained by removing the supernatant plasma from 
450 mL of whole blood after centrifugation and anticoagula-
tion. ἀ e average volume of 1 unit of RBCs in additive solu-
tion (AS-1 or AS-3) i s approximately 250–300 mL w ith a 
hematocrit of 55%–65%. Small amounts of clotting factors and 
platelets are present but are essentially nonfunctional. RBC 
transfusion is indicated to increase RBC mass and therefore 
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oxygen transport. Blood volume varies with age, ranging from 
90 to 100 mL/kg in the premature infant to 70 mL/kg in chil-
dren over 3 months of age [24]. ἀ erefore, blood should be 
administered in boluses of 10–15 mL/kg in infants and small 
children.

Consensus Guidelines for Transfusion of RBCs

 1. ἀ e use of a single hemoglobin trigger for all patients 
and other approaches that fail to consider all-important 
physiologic and surgical factors affecting oxygenation 
are not recommended.

 2. Transfusion is rarely indicated when hemoglobin is >10 
g/dL but generally indicated when the hemoglobin is <6 
g/dL or the anemia is acute.

 3. ἀ e determination of whether intermediate hemoglo-
bin concentrations (6–10 g/dL) justify or require RBC 
transfusion should be based on the patient’s risk for 
complications of inadequate oxygenation [25–27].

The storage lesion. It has been well established in the litera-
ture that as red cells age 2 ,3-diphosphoglycerate (2,3-DPG) 
and adenosine triphosphate (ATP) decrease. ἀ e pH becomes 
more acidic due to ongoing glycolysis and there is an increase 
in e xtracellular p otassium. R BCs t hemselves su ffer m em-
brane v esiculation a nd l oss o f R BC d eformability. S everal 
studies have explored the relationship between age of storage 
and clinical outcomes. In a study of 455 patients assigned to 
both liberal and restrictive transfusion strategies, investiga-
tors found a n a ssociation between prolonged s torage (>2–3 
weeks) a nd t he development of multiple organ dysfunction 
syndrome in pediatric patients [28]. Other studies have sug-
gested that there is no increase in mortality [29,30] but found 
an association between older RBC age and increased length 
of hospital admission [30] as well as postoperative infection 
[31]. Currently, an international study of mortality and hos-
pital s tay on f resh (<14 d ays o ld) versus s tandard a ge R BC 
units among pediatric patients in ICU is ongoing.

Special indications

ἀ ere a re a v ariety o f m odifications t hat c an b e m ade t o 
cellular p roducts ( RBCs a nd p latelets). ἀ ese i nclude l eu-
koreduction, i rradiation, w ashing, a nd v olume r eduction. 
Leukocyte reduction has become a nearly universal practice 
in large blood centers and reduces the risk of febrile nonhe-
molytic transfusion reactions (FNHTRs) and human leuko-
cyte a ntigen ( HLA)-alloimmunization. L eukocyte-reduced 
units a re c onsidered t o b e c ytomegalovirus ( CMV) s afe. 
Irradiation i s i ndicated i n s elected p opulations t o p revent 
transfusion-associated g raft versus h ost d isease, a n early 
universally lethal complication of blood transfusion that may 
occur in immunocompromised patients or in patients receiv-
ing products from HLA-matched or related donors. Washing 
and v olume r eduction c an b e u sed i n v olume-sensitive 
patients, and may be beneficial in those with repeated trans-
fusion r eactions. I n a ddition, c ertain p atient p opulations, 
such as s ickle cell or t halassemia patients, a re i ssued blood 

products that are matched for RBC antigens, commonly Rh 
(D, C , c , E , and e) and K a ntigens. Each of t hese modifica-
tions r equires a dditional t ime for product preparation a nd 
release f rom t he t ransfusion s ervice. I n pa tients r equiring 
blood products urgently, it is unlikely that there will be ade-
quate time for modification or matching. Immediate transfu-
sion therapy should therefore take precedence in the setting 
of hemorrhagic shock and should not be delayed. ἀ is may 
require that emergency-release units be used.

Platelets

A unit of platelet concentrate is extracted from the platelet-
rich plasma of 1 unit of whole blood to yield 5.5 × 1010 plate-
lets in approximately 50–60 mL of plasma. Today however, 
most platelets used for transfusion are apheresis units derived 
from a s ingle d onor. T hey c ontain g reater t han 3 × 1 011 
platelets in 200–400 mL of plasma. Platelets are stored up to 5 
days and may be stored up to 7 days with additional bacterial 
testing. ἀ e product will retain 70% of platelet viability and 
80% of the original clotting factor activity with exception 
of labile coagulation factors, i.e., factors V and VIII. Platelet 
transfusion is indicated to correct clinically significant 
thrombocytopenia or platelet dysfunction. Platelet concen-
trates contain white cells and may cause febrile reactions due 
to white cell antigens. Since platelets are stored near room 
temperature, the risk of bacterial infection due to contami-
nation should be considered. In children, transfusion of one 
dose of platelets increases the platelet count 30–60,000/mm3, 
with an average platelet survival of 6–7 days. ἀ e usual dos-
age is 5–10 mL/kg.

Consensus Guidelines for the Transfusion of Platelets

 1. Surgical patients with microvascular bleeding usu-
ally require platelet transfusion if the platelet count is 
less than 50,000/mm3 and rarely require therapy if it 
is greater than 100,000/mm3; with intermediate plate-
let counts, the determination should be based on the 
patient’s risk for more significant bleeding.

 2. Platelet transfusion may be indicated despite an appar-
ently adequate platelet count if there is known platelet 
dysfunction and microvascular bleeding [26,27,32].

In pa tients w ith c entral n ervous s ystem o r o phthalmic 
hemorrhage/procedure, as well as in those with pulmonary 
hemorrhage, the platelet count should be maintained above 
100,000/mm3. Patients can present with platelet dysfunction 
due to cardiac bypass, uremia, congenital platelet disorder, or 
medication and may require platelet transfusion regardless of 
the platelet count. Remember, platelet counts may drop rapidly 
in the setting of disseminated intravascular coagulation (DIC), 
frequently seen in children with traumatic brain injuries.

Fresh frozen plasma

When a unit of whole blood is fractionated, the plasma 
components are frozen. Coagulation factors are present in 
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the levels obtained from fresh whole blood. Frozen storage 
preserves c lotting f actor a ctivity. ἀ e time to prepare a nd 
thaw f resh f rozen p lasma ( FFP) f or t ransfusion i s 3 0–45 
minutes. For this reason, many transfusion services, partic-
ularly those in trauma centers, maintain a supply of thawed 
and/or liquid plasma. ἀ e benefit of these units is that they 
are m ore r eadily a vailable f or t ransfusion. H owever, b oth 
liquid and thawed plasma have reduced levels of the labile 
clotting f actors, V a nd V III. G osselin e t a l. d emonstrated 
that liquid plasma maintains at least 50% of clotting factor 
activity at up to 15 days of storage [33]. ἀ e availability of 
liquid p lasma c an i mprove t he R BC-to-plasma r atio e arly 
in m assive t ransfusion s ituations [34] w hile F FP i s b eing 
thawed for use.

Plasma t ransfusion i s i ndicated f or t he m anagement 
of a cquired m ultiple f actor d eficiency. ἀ is m ay r esult 
from massive hemorrhage, DIC, dilutional coagulopathy, 
liver d isease, v itamin K d eficiency, a nd w arfarin t her-
apy. I t s hould b e n oted t hat a f our-factor p rothrombin 
complex c oncentrate, K centraTM, i s n ow F ood a nd D rug 
Administration (F DA) approved for urgent warfarin 
reversal and should be used over plasma when available. 
In the setting of trauma, plasma is regularly used as part 
of the massive transfusion protocol (MTP). In infants and 
small c hildren, p lasma i s a dministered i n 1 0–15 m L/kg 
boluses.

Consensus Guidelines for the Transfusion of FFP

 1. Correction of known coagulation factor deficiencies for 
which specific concentrates are unavailable.

 2. Correction of microvascular bleeding in the presence of 
elevated (>1.5 times normal) prothrombin time (PT) or 
activated partial thromboplastin time (PTT).

 3. Correction of microvascular bleeding secondary to 
coagulation factor deficiency in patients transfused 
with more than one blood volume and when PT/PTT 
measurements cannot be obtained in a timely fashion.

 4. FFP is contraindicated for augmentation of plasma 
volume or albumin concentration [26,27,35].

Cryoprecipitate

Cryoprecipitate i s p repared f rom i ndividual d onors a nd 
contains c oncentrated f actor V III, v on W illebrand f actor 
(vWF), f actor X III, a nd fibrinogen. F reezing o f p lasma a t 
−18°C and then thawing at 1°C–6°C allows separation of the 
precipitate, which contains approximately 250 mg of fibrin-
ogen, 150 units of factor VIII/vWF, and 100 units of factor 
VIII. C ryoprecipitate i s i ndicated f or pa tients w ith dy sfi-
brinogenemia, hypofibrinogenemia, or c onsumptive c oag-
ulopathy. In the past, cryoprecipitate was used for patients 
with h emophilia A , c ongenital f actor X III d eficiency, a nd 
von Willebrand disease, but today specific factor replace-
ment i s a vailable f or t hese pa tients. C ryoprecipitate m ay 
also be used for fibrin glue, but commercial fibrin glue prep-
arations are now available.

Consensus Guidelines for the Transfusion of 
Cryoprecipitate

 1. Correction of microvascular bleeding in massively 
transfused patients with fibrinogen concentrations less 
than 80–100 mg/dL or when fibrinogen concentrations 
cannot be measured in a timely fashion [26,27].

Emergency management

Hemorrhagic s hock i s t he m ost c ommon f orm o f s hock 
observed in injured children. Rapid identification and treat-
ment o f h emorrhagic s hock a re t he c ore p rinciples i n t he 
ABCs of trauma resuscitation. In the acute phase of resus-
citation, t he r ecognition o f a cute b lood l oss a nd s hock i s 
dependent upon an accurate assessment of clinical indices 
of o rgan f unction a nd p erfusion. ἀ e A merican C ollege 
of S urgeons C ommittee o n Trauma h as d eveloped a u se-
ful c lassification of h emorrhagic s hock based o n s ystemic 
signs (Table 10.1) [36]. Estimates of blood loss are based on 
parameters o f c ardiovascular, r espiratory, c entral n ervous 
system, a nd r enal f unction. F urthermore, t he r esponse t o 
initial fluid resuscitation suggests the degree of blood loss, 
the rate of ongoing bleeding, and the likelihood of the need 
for blood transfusion. A rapid response to fluid administra-
tion suggests minimal blood loss (class I) and a low prob-
ability of blood t ransfusion. A t ransient response suggests 
moderate and ongoing blood loss (classes II and III) and a 
moderate to h igh need for b lood. I f no response to i nitial 
fluid resuscitation is observed, then severe blood loss (class 
IV) is likely and immediate transfusion is indicated.

If signs and symptoms of shock are present, a b olus of 20 
mL/kg o f c rystalloid s olution i s r apidly a dministered a nd 
assessment repeated. If signs of shock continue, another crys-
talloid bolus is given. Resuscitation with >60 mL/kg of crys-
talloid s olutions i s a ssociated w ith i ncreased l ength o f s tay, 
rate o f m echanical v entilation, a nd i n-hospital m ortality i n 
pediatric t rauma pa tients [36]. E xternal h emorrhage s hould 
be controlled w ith pressure and f ractures splinted to reduce 
ongoing b lood l oss. M inimal o r n o r esponse t o c rystalloid 
administration a nd t he absence of obvious bleeding suggest 
internal hemorrhage. In this setting, acute blood transfusion 
is indicated. Group O Rh-negative, uncrossmatched RBCs are 
administered i n 10–20 m L/kg b oluses a nd preparation m ay 
be m ade f or p rompt o perative i ntervention t o c ontrol f ur-
ther blood l oss. ἀ e u se o f O-negative or noncrossmatched 
type-specific b lood i s a lmost a s s afe a s c rossmatched R BCs 
for e mergency v olume r esuscitation b ut s hould b e r eserved 
only for these situations. Fully crossmatched blood is associ-
ated w ith t he lowest r isk of u nexpected hemolytic reactions 
but g enerally r equires 4 5 m inutes t o p repare. C rossmatch 
may t ake l onger i f u nexpected a ntibodies a re p resent. I n 
life-threatening situations, blood resuscitation should not 
be d elayed w hile a waiting c rossmatch. I t m ust b e k ept i n 
mind t hat the use of g reater t han one-half blood volume of 
O-negative b lood complicates l ater A BO t yping a nd c ross-
matching. I n a ddition, r ecent T RALI m itigation s trategies 
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(male donors and nulliparous females) have limited the avail-
ability o f “universal” A B p lasma. I n s ome s ituations, g roup 
A plasma, containing varying degrees of anti-B, may be used 
to increase t he supply of available plasma. In a s tudy of 254 
patients, t hose w ho r eceived i ncompatible g roup A p lasma 
(14%) had no reported hemolytic transfusion reactions or sig-
nificant difference in outcomes [37].

Traumatic coagulopathy occurs less frequently in children 
than adults. In a s tudy of pediatric trauma patients showed 
that 6% of children were found to have coagulopathy, defined 
as INR ≥ 1.5 or PTT > 36 seconds or platelets < 100,000/mm3. 
ἀ ese patients had a t wo- to fourfold increase in mortality 
over noncoagulopathic patients [38]. Pediatric patients who 
have suffered a traumatic brain injury have been reported to 
have coagulopathy in over 40% of cases [39]. For this reason, 
laboratory testing to determine t he extent of coagulopathy 
should be performed as soon as possible.

Massive transfusion

In t he a dult p opulation, m assive t ransfusion h as b een f re-
quently defined by the number of RBCs used in a certain 
time (i.e., >10 R BC u nits i n 2 4 hours [40] or > 4 R BC u nits 
in 1 hour with continued need for blood components [41]). 
ἀ ese definitions do not have as much value in the pediat-
ric p opulation d ue t o t he s mall b lood v olume o f pa tients. 
For t his r eason, t ransfusion o f >50% o f t otal b lood v olume 
over 24 hours i s most f requently u sed [42]. ἀ e principle of 
massive t ransfusion i s t o p rovide b alanced r esuscitation t o 
the b leeding pa tient. D amage c ontrol r esuscitation i ncludes 
rapid control of bleeding, permissive hypotension (to prevent 

disruption o f t hrombus), a nd p revention o f m etabolic a nd 
physiologic consequences of transfusion (acidosis, hypocalce-
mia, and hypothermia) [43]. ἀ ough initially used in combat-
related trauma, many institutions have now developed MTPs 
for applications in civilian settings. While there is still some 
debate about the appropriate ratio of FFP to platelets (whole 
blood derived units) to RBCs in MTPs, most trauma services 
aim for 1:1:1 or 1:1:2. In t he pragmatic randomized optimal 
platelet and plasma ratios (PROPPR) trial of a 1:1:1 versus 1:1:2 
transfusion strategy, authors found that a 1:1:1 ratio improved 
survival r elated t o e xsanguination a t 2 4 h ours, b ut d id n ot 
improve overall mortality at 24 hours and 30 days [44].

Pediatric M TPs are the subject of increasing research. 
Dehmer e t a l. su ggest s trategies f or t he d evelopment o f 
an M TP i n p ediatric pa tients t hat i nclude i nitiation a fter 
40 m L/kg of c rystalloid i nfusion i n patients w ith ongoing 
hemodynamic instability; a ratio of 1:1:1 in those >30 kg and 
a weight-based protocol for those <30 kg; maintenance of 
temperature, pH, and avoidance of hypocalcemia; and t he 
consideration o f r ecombinant f actor V IIa i n s evere c ases 
(off-label use) [45]. In a s tudy of 102 patients, Hendrickson 
et al. examined the implementation of a pediatric MTP and 
found t hat i t d id n ot i mprove m ortality, su ggesting t hat 
additional large trials are warranted in this area [46].

Laboratory testing in trauma

Recent data highlight the importance and utility of coagula-
tion data in pediatric trauma and resuscitation. Hemoglobin/
hematocrit (H/H) a nd platelet counts a re i mperative i n t he 
assessment of t he bleeding patient to help a ssess t he extent 

Table 10.1 Classification of hemorrhagic shock in the injured child and the probability of blood transfusion based on 
clinical assessment

Class I Class II Class III Class IV

Blood loss [blood volume (%)] <15 15–30 30–40 >40
Clinical findings
Heart rate (beats per minute) <100 >100 >120 >140
Blood pressure Normal Normal Hypotension Severe hypotension
Respirations (tachypnea) No Mild Moderate Severe
Mentation Anxious Combative Confused Lethargic
Skin Warm Cool Mottled Pallor
Capillary refill (sec) <5 5–10 10–15 >20
Urine output (mL/kg) 1–3 0.5–1 <0.5 Negligible
Resuscitation
Response to initial fluids Rapid Transient None
Vital signs Return to normal Improvement, then 

recurrent 
tachycardia, 
hypotension

Remain 
abnormal

Blood preparations Type and 
crossmatch

Type-specific O-negative

Blood transfusion risk Low Moderate–high Immediate

Source:  American College of Surgeons, Committee on Trauma. Advanced Trauma Life Support Student Manual, American College of 
Surgeons, Chicago, IL, 1997.
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of hemorrhage. A dmission hematocrit o f <35% i n p ediat-
ric blunt t rauma patients has been shown to be an effective 
screening test to help predict the need for blood transfusion 
and can be used to help guide resuscitation efforts [47]. ἀ e 
BIG score (base deficit + [ 2.5 × international normalized 
ratio] + [15 − G CS]) i s now being used to help evaluate i ll-
ness severity and predict mortality in pediatric populations 
[48,49]. In addition to the prognostic use of laboratory data, 
values obtained from the laboratory can be utilized in goal-
directed h emostatic r esuscitation. ἀ e PT, PTT, fibrinogen 
level, and platelet count can be used to determine if transfu-
sion w ith FFP, cryoprecipitate, a nd/or platelets i s i ndicated. 
Slow t urnaround t imes c an m ake p hysicians h esitant t o 
collect samples since t he data may be largely useless by t he 
time results are reported. At our institution, we have found 
that t he u se of a n M TP “Stat Pack” c an provide actionable 
coagulation data in less than 15 minutes from specimen col-
lection. ἀ e “Stat Pack” includes one citrated tube, one ethyl-
enediaminetetraacetic acid (EDTA) tube, and a heparinized 
syringe that allows us to receive information on PT, PTT, 
fibrinogen, H /H, p latelet c ount, b lood g ases, a nd e lectro-
lytes. ἀ e rapid t urnaround t ime a llows c linicians to make 
appropriate decisions about resuscitation in a timely manner.

ἀ romboelastography ( TEG) o r r otational t hromboelas-
tograms (ROTEM) are also frequently used in the setting of 
massive transfusion to help guide therapy. Rapid TEG (using 
tissue factor and kaolin) can be used as a point of care device 
with initial data reporting occurring within minutes [50,51]. 
An a dded b enefit o f u sing t hese a ssays v ersus c onventional 
coagulation testing is that they are able to detect hyperfibri-
nolysis and a llow for d irected support with t ranexamic acid 
(TXA) when needed. In a c omparison of rapid TEG to con-
ventional c oagulation a ssays, t herapy g uided b y r apid T EG 
led to i ncreased overall su rvival (particularly su rvival a t <6 
hours from admission) and less initial plasma and platelet use 
[51]. TEG and ROTEM may also be used to guide therapy with 
hemostatic agents, such as fibrinogen concentrates, and avoid 
transfusion of plasma altogether in selected patients [52].

Hemostatic agents

Recombinant factor VIIa

Recombinant factor VIIa (rVIIa) is a source of activated fac-
tor VII that a cts via the extrinsic pathway of coagulation 
to help achieve the formation of a fibrin–platelet hemostatic 
plug. ἀ is drug is FDA approved for the treatment and pre-
vention of bleeding in patients with hemophilia A or B with 
inhibitors, as well as in congenital factor VII deficiency. Off-
label use of t his hemostatic agent i n t he pediatric popula-
tion h as b een d escribed i n t he l iterature i n t he s etting o f 
intracranial he morrhage, g astrointestinal he morrhage, 
DIC, patients receiving extracorporeal membrane oxygen-
ation therapy, and in pediatric patients undergoing cardiac 
surgery [45,53–55]. Doses of rVIIa prescribed in the litera-
ture v ary w idely. A l arge r etrospective s tudy o f 3 88 p edi-
atric patients receiving off-label rVIIa (approximately 10% 

trauma c ases) r eported d ecreased overall b lood u se a nd a 
median i nitial d ose o f 114 m cg/kg. ἀ is s tudy a lso f ound 
that thromboembolic adverse events were reported in 5% of 
patients, which did not correlate with the amount of rVIIa 
received at initial dose [56]. In a s econd study of pediatric 
patients ( 135 t otal) r eceiving r VIIa, i t w as r eported t hat 
three patients had thromboembolic events, resulting in two 
deaths and one limb amputation, though these events could 
not definitively be attributed to rVIIa administration [53]. 
Further investigation is needed into the appropriate utiliza-
tion and dosing of rVIIa in the setting of pediatric trauma.

Tranexamic acid

TXA is an antifibrinolytic that functions by displacing plas-
min from fibrinogen, resulting in the inhibition of fibrino-
lysis. ἀ e CRASH-2 trial of over 20,000 patients examined 
the u se o f T XA i n t he t rauma s etting a nd su ggested t hat 
TXA should be given to bleeding trauma patients soon after 
injury [57]. Similarly, the pediatric trauma and tranexamic 
acid (PED-TRAX) study l ooked at 7 66 p ediatric combat 
trauma pa tients, o f w hich 1 0% r eceived T XA [ 58]. ἀ ey 
concluded that TXA use in this setting was associated with 
decreased mortality and was not associated with an increase 
in t hrombotic c omplications [58]. I t i s recommended t hat 
TXA, if used, should be given within 3 hours of injury.

Fibrinogen concentrates

Fibrinogen concentrates are produced from pooled human 
plasma and are available as a powder that is reconstituted for 
intravenous infusion. Cryoprecipitate has traditionally been 
used f or fibrinogen replacement, b ut t akes time t o t haw, 
whereas fibrinogen concentrates are readily available to be 
used for rapid replacement without determination of ABO 
group. ἀ ere is currently limited few data on its use in pedi-
atric trauma; however, use of this product should be consid-
ered in patients with demonstrated hypofibrinogenemia or 
dysfibrinogenemia when cryoprecipitate is unavailable.

Definitive management

Operative intervention

Perhaps the most effective measure to limit blood transfu-
sion therapy is the elimination of further bleeding by surgical 
intervention. Any child with suspected thoracic, abdominal, 
or vascular injury who is refractory to resuscitation should be 
taken promptly to t he operating room. Given t he success of 
nonoperative management of solid organ injury in children, 
one must be vigilant in recognizing the child who is continuing 
to bleed and requires operative therapy. In general, any child 
with a known solid organ injury in the abdomen who remains 
hemodynamically u nstable d espite a dequate fluid r esuscita-
tion, or requires >1/2 b lood volume replacement w ithin t he 
first 2 4 hours, has continuing bleeding a nd requires a l apa-
rotomy. Clinical variables in patients with splenic injury sug-
gesting the need for surgical intervention include hypotension 
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in the field or emergency department (ED), tachycardia in the 
ED, initial hematocrit less than 3 0, multiple injuries, or t he 
need for blood transfusion in the ED [59].

Once operative control i s achieved, additional measures 
can be employed to reduce t he need for blood t ransfusion. 
ἀ e u se o f fluid w armers, h eated v entilatory c ircuits, a nd 
active w arming d evices r educes t he r isk o f h ypothermia 
and the coagulopathy associated with decreased body tem-
perature. Further surgical measures and techniques such as 
argon beam coagulation, collagen hemostatic agents, fibrin 
sealant, abdominal packing, vascular isolation, or arteriog-
raphy with embolization have a ll been effectively employed 
in the management of surgical bleeding. ἀ e basis for decid-
ing to transfuse the patient intraoperatively is less clear. 
Remember, elective surgical procedures have been safely per-
formed in adults with severe anemia (hemoglobin <7 g/dL) 
who refuse blood on religious grounds, provided normovole-
mia is maintained [21]. ἀ e decision to transfuse should be 
based on an assessment of the patient’s condition, estimate of 
blood loss prior to surgical control, and ongoing blood loss.

Endpoints of resuscitation

ἀ e conventional endpoints of resuscitation—return of nor-
mal heart rate, blood pressure, and urine output—may be all 
that are necessary in the previously healthy injured child with 
normal cardiopulmonary function. Base deficit (BD) and lac-
tate appear to accurately reflect the hemodynamic and tissue 
perfusion changes associated with hemorrhagic shock. Other 
indicators include increases in BD parallel oxygen transport 
parameters such as a-v O2 difference, DO2, and oxygen con-
sumption. Similarly, lactate levels and BD can be used to guide 
resuscitation [60,61]. Injury survivors with moderate to severe 
BD improve their BD within 4 hours and normalize their BD 
by 16 hours. Nonsurvivors f ail to i mprove t heir BD to 6 o r 
better, despite ongoing resuscitation [61]. Moreover, transfu-
sion requirements appear increased with more severe BD. In 
severely injured patients, transfusions were required within 24 
hours of admission in 72% of patients with a B D ≤–6 versus 
18% of patients with a BD ≥–6 [60]. Endpoints of resuscitation 
should not rely solely on the BD or lactate level. Mikulaschek 
et al. demonstrated that if treatment decisions were guided by 
BD or anion gap, incorrect treatment would occur in up to one-
half of patients [62]. Persistent lactic acidosis suggests occult 
hypoperfusion. In a prospective study of trauma patients with 
two consecutive lactic acid levels >2.5 mmol/L who underwent 
invasive monitoring and resuscitation, Blow et al. found a cor-
relation between lactic acidosis and poor cardiac performance. 
Patients w ith p ersistent h ypoperfusion de spite r esuscitative 
efforts demonstrated 43% mortality [63]. ἀ e normalization 
of end organ and tissue perfusion as measured by serum lactate 
is perhaps the most reliable perfusion marker available [64].

Recovery

ἀ e r ecovery p hase o f i njury u ntil t he t ime o f d ischarge 
is t he p eriod w hen t he g reatest r eduction i n t ransfusion 

can b e a ccomplished w ithout c ompromising t he p atient. 
In t he a bsence o f ongoing b lood loss, e quilibration o f t he 
fluid c ompartments r arely p roduces s ignificant c hanges 
in the hematocrit. Critically ill patients with hemoglobin 
concentrations l ess t han 9 g /dL, r andomized t o a r estric-
tive s trategy i n w hich t ransfusion w as a dministered o nly 
for hemoglobin less than 7 g /dL or to a l iberal transfusion 
strategy i n w hich h emoglobin c oncentrations w ere m ain-
tained greater than 10 g/dL, demonstrated that a restric-
tive strategy of red cell transfusion results in a lower 30-day 
mortality in patients who are <55 years of age, less acutely 
ill, a nd w ithout s ignificant c ardiac d isease [65]. S imilarly, 
the Transfusion R equirements i n P ICU ( TRIPICU) s tudy 
of 637 stable, critically ill pediatric patients found that a 
restrictive s trategy (<7 g /dL) c ould b e u sed s afely i n most 
patients [66]. D uring t he r ecovery p eriod, t he d ecision t o 
transfuse s hould b e m ade o nly o n t he b asis o f s ymptoms 
or signs of ischemia. In general, children are not at risk for 
myocardial i schemia a nd r arely m anifest s igns o f a nemia 
(dyspnea, fatigue, and tachycardia). Blood draws should be 
minimized or eliminated, particularly i f the patient is afe-
brile, asymptomatic, and tolerating a diet. In children with 
isolated splenic injury, Shafi et al. found that after an initial 
drop in hematocrit within the first 24 hours post-injury, the 
hematocrit remained stable and returned to baseline by day 
6 [11].

Complications of transfusion

Transfusion reactions

Adverse e vents r elated t o t ransfusion a re n ot u ncommon, 
and a re l ikely u nderreported. ἀ e N ational H ealthcare 
Safety Network reported an overall adverse reactions rate of 
0.24% [67]. Transfusion reactions may be broadly classified 
into nonhemolytic a nd hemolytic reactions. Nonhemolytic 
reactions a re f ar m ore c ommon a nd m ost o ften o ccur a s 
the result of interactions with plasma proteins or cytokines 
within the blood component. Of these, allergic and FNHTRs 
are the m ost c ommon. A llergic r eactions usually i nclude 
rash, pruritus, urticaria, or localized angioedema mediated 
by IgE and histamine release [68]. However, these reactions 
may h ave m ore s evere m anifestations i ncluding b roncho-
spasm a nd a naphylaxis. P atients w ho h ave h ad m ild r eac-
tions p reviously m ay d evelop m ore s evere r eactions o ver 
time and should a lways be carefully monitored for signs of 
respiratory d istress. W hen a n a llergic t ransfusion reaction 
is su spected, t he t ransfusion s hould b e d iscontinued a nd 
the s ymptoms m anaged w ith a ntihistamines, e pinephrine, 
and steroids, a s indicated. FNHTRs are a lso c ommon and 
include t he d evelopment o f f ever a nd/or c hills a nd r igors 
during the transfusion or shortly thereafter.

Life-threatening nonhemolytic transfusion reactions 
include T RALI a nd TACO. T RALI i s t he r apid (<6 h ours 
from t ransfusion) onset of acute lung i njury. ἀ is adverse 
reaction m ay b e e ither i mmune o r n onimmune m ediated 
and i s most c ommonly a ssociated w ith t he t ransfusion of 
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plasma-containing c omponents. I t w as t he m ost c ommon 
cause of transfusion-related fatalities (41%) reported to the 
FDA between 2010 and 2014 [69]. TACO is the second most 
common cause of fatality in the same timeframe at 22% [69]. 
Risk factors for TACO include larger volume and faster rate 
of t ransfusion [70]. S igns a nd s ymptoms i nclude dy spnea, 
orthopnea, pulmonary e dema, elevated b rain natriuretic 
peptide (BNP), and evidence of left heart failure.

Hemolytic transfusion reactions may be acute or delayed. 
In t he e mergency s etting, w here b lood i s r eleased p rior t o 
completing a t ype a nd s creen, i t i s pa rticularly i mportant 
to be cognizant of t he signs a nd symptoms associated w ith 
each. Hemolysis occurs when recipient antibodies react with 
donor RBC antigens. Acute hemolytic transfusion reactions 
(AHTRs) a re c aused p rimarily b y A BO i ncompatibility 
and most often result from either clerical or administration 
errors. In the emergency setting, AHTRs may also result from 
the use of emergency release (uncrossmatched) blood due to 
preformed recipient antibodies from previous transfusion or 
pregnancy. AHTR is characterized by the rapid onset of fever, 
chills, rigors, chest or abdominal pain progressing to respira-
tory distress, and circulatory shock. Hemoglobin is present in 
the plasma and urine. Renal failure may ensue. Once recog-
nized, the transfusion should immediately be discontinued. 
Aggressive resuscitation should be instituted to support the 
circulation and achieve a urine output of >2 mL/kg/hr. Other 
reasons for A HTR i nclude i mproper s torage or t ransfusion 
temperature ( such a s t ransfusion u sing a m alfunctioning 
blood warmer), transfusion in the same line as medications, 
mechanical lysis resulting f rom r apid t ransfusion t hrough 
small b ore n eedles, a nd t ransfusion w ith i ncompatible flu-
ids [71]. Delayed transfusion reactions take place in the days 
to w eeks f ollowing t ransfusion. ἀ ere i s s erologic e vidence 
of a new RBC antibody in the plasma and possible fall of 
hemoglobin back to pretransfusion values. Laboratory con-
firmation of su spected hemolysis i ncludes i ncreased l actate 
dehydrogenase ( LDH), i ncreased p lasma f ree h emoglobin, 
decreased haptoglobin, increased unconjugated bilirubin and 
hemoglobin in the urine.

Transfusion-transmitted disease

Viral i nfection i s o ne o f t he m ost f eared c omplications o f 
transfusion. ἀ e first d escriptions o f t ransfusion-associated 
HIV infection occurred in late 1982. Improved screening and 
detection have reduced the current frequency of HIV infection 
to approximately 1/1,500,000 units [72]. ἀ e risk of HCV trans-
mission b y t ransfusion i s e stimated t o o ccur i n 1 /1,100,000 
units [72]. H BV i nfection n ow h as t he h ighest r esidual r isk 
and is estimated to occur in 1/850,000–1/1,200,000 units [73].

Bacterial i nfection d ue t o c ontamination i s r eported 
to o ccur a s a r esult o f 1 :100,000 p latelet t ransfusions a nd 
1:5,000,000 red cell transfusions [74]. ἀ e difference in fre-
quency i s a ttributed t o s torage o f p latelets a t 2 0°C–24°C, 
which facilitate bacterial growth, while R BCs are generally 
stored at 1°C–6°C temperatures. Yersinia enterocolitica infec-
tion is associated with RBC transfusion [74]. Staphylococcus 

aureus, Klebsiella pneumoniae, Serratia marcescens, a nd 
Staphylococcus epidermidis infections are most frequently 
observed i n p latelet-associated i nfections. Babesia microti 
is now t he most c ommonly reported c ause of t ransfusion-
transmitted infection with subsequent fatalities [69,75]. 

Metabolic complications

Children m ay b e m ore su sceptible t han a dults t o m eta-
bolic c omplications w ith r apid t ransfusion b ecause o f t he 
higher ratio of transfused blood to TBV. Children are prone 
to h ypothermia a nd m ay b ecome p rofoundly h ypother-
mic with the infusion of cold fluids and blood products. 
Hypothermia n ot o nly i ncreases m etabolic d emand b ut 
also worsens coagulopathy. For this reason, a blood warmer 
should always be used when blood components are going to 
be administered rapidly.

Rapid t ransfusion c an a lso p roduce s evere e lectrolyte 
disturbances. Blood components contain citrate which che-
lates calcium and prevents clotting within the unit. When 
large volumes are transfused, the patient’s own calcium may 
drop r apidly. L ow s erum c alcium r esults i n a lterations i n 
the coagulation cascade and depressed circulatory function 
[76]. When possible, ionized calcium level should be moni-
tored, pa rticularly i n t he s etting o f m assive t ransfusion. 
Replacement with calcium gluconate is recommended when 
values b ecome l ow d ue t o c itrate t oxicity. A dditionally, 
hyperkalemia may a rise a fter large- or rapid-volume infu-
sion. H yperkalemia h as b een r eported t o o ccur i n u p t o 
39% of transfused trauma patients [77]. Children, especially 
neonates and infants, are more susceptible to development 
of hyperkalemia. Consequences include cardiac arrest dur-
ing massive transfusion [78]. ἀ erefore, serum electrolytes 
should be monitored in the setting of transfusion.
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Introduction

Pediatric trauma patients with severe injuries will require 
admission to an intensive-care unit (ICU) for close moni-
toring a nd/or o ngoing r esuscitation a nd s upport. I CU 
management i s c omplex a nd r equires t he a ctive p artici-
pation of pediatric surgeons, intensivists, and subspecial-
ists to fully address patients’ injuries. ἀ is chapter focuses 
on t he p rinciples o f c ritical c are a nd m anagement t ech-
niques t hat a re m ost a pplicable t o t he c ritically i njured 
trauma patient.

Monitoring

Close monitoring is required for all trauma patients in the 
ICU. ἀ at includes measurement of heart rate, electrocar-
diography, fluid balance, blood pressure, temperature, and 
respiratory rate. Additional modalities may be used to either 
invasively or noninvasively follow cardiac output (CO) and 
function, end-tidal CO2, sedation levels, neural activity, and 

intracranial p ressures, a mong others, d epending on t he 
patients’ injuries and clinical status.

Cardiovascular monitoring

Noninvasive monitoring is commonly used to assess blood 
pressure. Accurate blood pressure measurement in children 
requires an appropriately sized cuff. Interpretation requires 
consideration of the child’s age, sex, and height. Age-based 
guidelines f or n ormal a nd a bnormal v itals a re d etailed 
in Table 1 1.1. P itfalls o f n oninvasive m onitoring i nclude 
the f act t hat d iastolic p ressures t end t o b e s lightly h igher 
than w ith i nvasive monitoring a nd t he lack of continuous 
measurements.

Invasive b lood p ressure m onitoring m ay be o btained 
through e ither p ercutaneous a rterial c annulation o r c ut-
down techniques, with the radial and femoral arteries being 
the most common sites for access. Advantages to a function-
ing a rterial l ine i nclude c ontinuous w aveform a ssessment 
of arterial blood pressure and convenient access for arterial 
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blood g as s ampling. H owever, a rterial l ines a re p rone t o 
kinking and compression and may lead to clot formation or 
limb ischemia.

Continuous m onitoring o f h eart r ate a nd r hythm v ia 
electrocardiography i s a lmost u niversal i n t he I CU. I n 
trauma p atients, ventricular tachycardia is a ssociated 
with s ubarachnoid h emorrhage; p ersistent s inus b rady-
cardia i s a ssociated w ith c erebral h ypoxia, c ardiac a rrest, 
airway o bstruction, t racheal d isruption, i ncreased i ntra-
cranial p ressure, a nd h ypothermia; a nd s inus t achycardia 
is a ssociated w ith h ypovolemic s hock. M oreover, some 
trauma p atients m ay h ave t aken a rrhythmogenic d rugs 
including t ricyclic a ntidepressants, c ocaine, o piates, a nd 
amphetamines.

ἀ e gold standard for cardiac monitoring hemodynamic 
shock is the Swan–Ganz catheter, which is a balloon-tipped 
catheter that is floated through the central venous circula-
tion, right atrium, and right ventricle (RV) to terminate in 
a p ulmonary a rtery b ranch. A t hermister o n t he c atheter 
monitors CO and permits calculation of cardiac index, 
stroke v olume i ndex, l eft-ventricular s troke w ork i ndex, 
indices o f r ight-ventricular f unction, s ystemic v ascular 
resistance (SVR) index, pulmonary vascular resistance 
index, o xygen d elivery ( DO2), o xygen u ptake ( VO2), a nd 
oxygen-extraction r atio ( O2ER). ἀ e p ulmonary c apillary 
wedge pressure is a surrogate for the left atrial pressure and 
equivalent to the left-ventricular end-diastolic pressure, 
assuming t he a bsence of m itral v alvular d isease a nd p ul-
monary h ypertension. P ulmonary a rtery c atheters s hould 
not be routinely used, but may provide a survival benefit to 
critically i njured t rauma patients i n s elect s ituations [1,2]. 
Any benefit provided hinges on a t horough understanding 
and interpretation of the data provided from the catheter.

Less i nvasive m ethods o f m onitoring C O h ave b een 
developed. One such product is the pulse index continuous 

cardiac o utput (P iCCOTM) d evice, w hich i ntegrates a  
wide a rray o f b oth s tatic a nd d ynamic h emodynamic 
data t hrough a  c ombination o f t rans-cardiopulmonary 
thermodilution a nd p ulse c ontour a nalysis f rom c entral 
venous and intra-arterial catheterization alone [3]. Several 
other products also exist to measure CO, including those 
that e mploy e sophageal d opplers ( e.g., C ardioQTM a nd 
HemoSonicTM), p artial c arbon d ioxide r ebreathing (e.g., 
noninvasive partial CO2 rebreathing [NICOTM]), and bio-
impedence ( e.g., P hysioFlowTM), a mong s everal o thers. 
ἀ e role for these devices is still being defined but may be 
important as Swan–Ganz catheter use declines.

Oxygen saturation

Arterial oxygen saturations may be continuously and non-
invasively measured by pulse oximetry using the spectro-
photometric p roperties o f o xygenated h emoglobin ( Hb). 
ἀ e p ulse o ximeter p robe h as t wo l ight-emitting d iodes 
that pass light through perfused tissue to a photodetector 
that c ompares t he f raction of i nfrared, red, a nd a mbient 
light a nd c alculates o xygen s aturation. P robes a re s mall 
and m ay b e p laced o n t he finger, t oe, e arlobe, f orehead, 
or other convenient location. Of note, accuracy decreases 
at low saturations (i.e., SaO2 <70%), and traditional pulse 
oximeters cannot distinguish carboxyhemoglobin from 
oxygenated Hb. ἀ erefore, measurement of SaO2 via pulse 
oximetry is unreliable in the setting of carbon monoxide 
poisoning.

Ventilation

End-tidal c arbon d ioxide ( EtCO2) m onitoring, k nown a s 
capnometry, i s a n oninvasive m ethod f or m easuring t he 
PaCO2 i n e xpired g as. ἀ e p rinciple i s s imilar t o p ulse 

Table 11.1 Pediatric advanced life support vital sign guidelines

Normal heart rate by age (beats/min)

Age Awake rate Sleeping rate
Newborn to 3 months 85–205 80–160
3 months–2 years 100–190 75–160
2–10 years 60–140 60–90
>10 years 60–100 50–90

Normal respiratory rate by age (breaths/min)

Infants (<12 months) 30–60
Toddler (1–3 years) 24–40
Preschool (4–5 years) 22–34
School age (6–12 years) 18–30
Adolescence (13–18 years) 12–16

Systolic blood pressure hypotension reference ranges (mmHg)

Term neonates (0–28 days) <60
Infants (1–12 months) <70
Children 1–10 years <70 + (age in years × 2)
Children >10 years <90
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oximetry i n t hat a s ampling c hamber c ontains a l ight 
source on one side and a photodetector on the other mea-
sures the carbon dioxide (CO2) content of exhaled gas that 
passes t hrough i t. S ince C O2 a bsorbs l ight a t t he i nfrared 
wavelength (940 n m), t he C O2 p resent i n t he g as m ay b e 
calculated f rom t he a mount o f i nfrared l ight t hat r eaches 
the p hotodetector. Et CO2 i s a r eflection o f a lveolar v enti-
lation, metabolic rate, and the pulmonary circulation. It is 
also useful for confirmation of endotracheal tube placement 
and may be helpful for early detection of endotracheal tube 
dislodgement.

Neurologic monitoring

Several modalities are available to monitor both intracranial 
pressure a nd l evel o f s edation/neurological a ctivity. ἀ ese 
are v aried a nd m ay b e i nvasive o r n oninvasive. P atients 
with major head trauma may require ventriculostomy with 
placement of a n external ventricular d rain for continuous 
intracranial p ressure ( ICP) m onitoring a nd t herapeutic 
cerebrospinal fluid d rainage. ἀ e b ispectral i ndex ( BIS) 
monitor i s a n e lectroencephalographic r ecording d evice 
that generates a s ingle numeric v alue a nd m ay b e u sed to 
titrate sedation/anesthesia depth during mechanical venti-
lation, barbiturate coma, or procedural sedation. Similarly, 
near-infrared spectroscopy (NIRS) and related technology 
may be used to assess cerebral perfusion.

Oxygen delivery and extraction

Aerobic m etabolism c onsumes o xygen a nd r esults i n t he 
generation of carbon dioxide. ἀ e transport of oxygen from 
the lungs to the tissues can be described in terms of (1) the 
oxygen content in arterial blood (CaO2), (2) the delivery of 
oxygen in the blood to the tissues (CO), and (3) the rate and 
efficiency of VO2 from the capillaries into the tissues.

ἀ e arterial oxygen content is a sum of the Hb-bound 
O2 a nd t he d issolved O 2 i n the p lasma and i s described 
by t he following equation: CaO2 = (1.34 × H b × S aO2) + 
(0.003 × P aO2). ἀ e first p art o f t he e quation d escribes 
Hb-bound oxygen, where 1.34 mL O2/1 g H b is t he oxy-
gen-binding capacity of Hb and SaO2 is the percentage of 
oxygenated Hb in the blood. ἀ e second part of the equa-
tion reflects t he d issolved O 2 i n blood. H b i s t he princi-
pal determinant of oxygen content in the blood, and so, 
practically speaking, one may ignore the contributions of 
dissolved oxygen.

DO2 is the product of CO and CaO2, where CO is affected 
by heart rate, volume status (preload), SVR (afterload), and 
contractility. Each of these factors can be manipulated. VO2 
is calculated as a product of the CO and the arteriovenous 
oxygen content d ifference (CaO2–CvO2) a nd describes t he 
rate at which oxygen d issociates f rom H b a nd moves i nto 
the t issues. ἀ e O 2ER d escribes t he f raction o f d elivered 
oxygen that is taken up into the t issues (VO2/DO2). Under 
normal conditions, decreases i n DO2 result i n a n i ncrease 

in O 2ER u p t o a m aximum l evel o f 5 0%–60% e xtraction 
(normal i s b etween 25 % a nd 3 0%) w ithout a ny o bserved 
changes i n VO2. H owever, o nce t his l imit i s r eached, t he 
VO2 b ecomes s upply d ependent a nd f urther d ecreases 
in D O2 r esult i n p roportional d ecreases i n VO2. I n o ther 
words, s hock a nd c ell d eath o ccur w hen a nemia o r p oor 
oxygenation are present and compensatory mechanisms are 
inadequate to supply enough oxygen to the tissues to meet 
metabolic demands. Critically ill patients may have several 
other metabolic derangements that favor the release of oxy-
gen from Hb molecules. Additional factors that are known 
to shift the oxygen d issociation c urve to t he r ight i nclude 
increased h eart r ate, 2 ,3-diphosphoglycerate ( DPG), a nd 
carbon dioxide and decreased pH.

ἀ e mixed-venous oxygen saturation (SvO2), measured 
from t he pulmonary a rtery, i s a u seful way to assess t he 
balance between systemic DO2 and systemic VO2. Central 
venous O2 saturation (ScvO2) provides a suitable alterna-
tive t hat m ay b e measured f rom t he s uperior vena c ava. 
Agreement b etween S vO2 a nd S cvO2 v alues s hould b e 
within 5 % o f e ach o ther a ssuming t hat m ultiple S cvO2 
measurements are averaged, so the most useful informa-
tion is garnered by following trends [4]. Assuming arterial 
saturations >90%, measurements below 65% reflect condi-
tions of impaired oxygenation where maintenance of VO2 
requires increased oxygen extraction by the tissues. ScvO2 
>80% may be seen with microcirculatory shunting (such 
as i n s epsis or l iver f ailure), l eft to r ight s hunts, or w ith 
cytotoxic dysoxia from mitochondrial disease or cyanide 
poisoning.

Shock and cardiovascular support

Shock occurs when tissue perfusion is inadequate to main-
tain aerobic metabolism. Shock may be classified as (1) hem-
orrhagic/hypovolemic, d ue t o l ack o f c irculatory v olume; 
(2) d istributive/neurogenic, c haracterized b y l ack o f v as-
cular tone; or (3) c ardiogenic, s econdary to pump f ailure. 
Often, as is the case with septic shock, there may be a signifi-
cant amount of overlap. Shock is common in s evere trau-
matic i njuries, a nd d ata s how t hat s hock o n a dmission i s 
independently associated with a high mortality (16.8%) [5]. 
Close monitoring and early, goal-directed therapy is essen-
tial to improving outcomes in these children.

Hemorrhagic shock and transfusion

ἀ e i ncidence o f h emorrhagic s hock i s l ower in c hildren. 
Precisely b ecause it i s u ncommon, presentations i n chil-
dren m ay b e m isleading a nd p rotocols f or m anagement 
of m assive t ransfusion i n c hildren m ay n ot b e i n p lace a t 
all h ospitals. A dditionally, t he c ardiovascular r esponse t o 
shock in children is age dependent. Younger children have 
an extended period of compensation with elevated CO and 
increased p eripheral v ascular resistance, s o t hey m ay lose 
a s ignificant volume of blood before demonstrating major 
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hemodynamic i nstability. Sh ock i n t hese p atients m ost 
commonly presents w ith t achycardia, whereas adolescents 
are more likely to manifest hypotension [6].

Management of hemorrhagic shock in the pediatric pop-
ulation depends on an accurate assessment of blood loss and 
size-appropriate g oals f or re suscitation. E stimated b lood 
volumes by age are detailed in Table 11.2. Rapid blood loss 
may not initially be reflected in Hb or hematocrit levels, and 
guidelines that suggest initiating t ransfusion for Hb levels 
<7 g/dL [7] do not apply to actively bleeding trauma patients. 
Resuscitative efforts are based on assessment of v ital signs 
(heart r ate, b lood p ressure, c entral v enous p ressure, e tc.), 
measures o f en d o rgan p erfusion (urine o utput a nd m en-
tal s tatus), l aboratory d ata ( base d eficit a nd l actate), a nd 
real-time i maging (echocardiography). C urrent g uidelines 
advocate d amage c ontrol r esuscitation ( DCR) t echniques 
including (1) permissive hypotension to avoid disruption of 
thrombus formation, (2) rapid control of bleeding, (3) limi-
tation of c rystalloid a nd b lood replacement products, a nd 
(4) p revention o f h ypothermia, c oagulopathy, h ypocalce-
mia, and acidosis [8].

Experience w ith a dult p atients h as d emonstrated a  
benefit to whole blood or balanced transfusion, as well as 
implementation o f m assive t ransfusion p rotocols ( MTP) 
[9,10]. Many adult MTPs utilize a ratio of 1:1:1 (units of red 
blood c ells [RBCs] t o f resh f rozen p lasma [FFP] t o p late-
lets) t o a ddress t he a cute c oagulopathy o f t rauma a s well 
as hemorrhage. Protocols based on this strategy have been 
adapted f or c hildren [ 8]; h owever, d ata o n t he b enefit o f 
MTPs and balanced transfusion in this population are less 
clear [11–14].

Lastly, i t i s i mportant t o r ecognize t hat e ven t hough 
transfusion i ncreases b lood o xygen c ontent a nd m ay 
improve hemodynamics a nd C O, i t does not necessarily 
normalize DO2 to tissue [15]. RBCs that are stored for pro-
longed durations commonly display reduced deformabil-
ity a nd i ncreased a ggregation, w hich t ogether d ecrease 
their ability to offload oxygen. Additionally, native RBCs 
typically e xport n itric oxide in h ypoxic t issue to c ause 
vasodilation, r esulting in i ncreased r egional flow a nd 
augmented DO2. Stored blood often suffers from abnor-
mal vascular signaling t hat increases vascular resistance 
and d iminishes r egional p erfusion. S everal o ther n ega-
tive effects of transfusion, including immunosuppression, 
coagulopathy ( typically w ith > 40 m L/kg R BCs i n c hil-
dren), a nd t ransfusion reactions, a mong others, must be 
considered.

Septic shock

Septic shock may complicate trauma as a result of infection 
during t reatment i n t he I CU. A mong a ll 2 0,000 c hildren 
who develop septic shock annually, in hospital mortality is 
10% [16]. ἀ ose who survive may experience adverse neu-
rocognitive outcome and functional decline [17,18]. Prompt 
recognition a nd initiation of g uideline-based therapy o f 
both severe sepsis and septic shock are critical to providing 
patients the best chance of survival and recovery [19,20].

Guidelines from the American College of Critical Care 
Medicine and, more recently, the Surviving Sepsis Campaign 
recommend goal-directed resuscitation with infusion of crys-
talloids a nd i nitiation of pressors and appropriate a ntibiotic 
therapy within the first hour of presentation, as well as source 
control, when appropriate, within 12 hours [19,21]. Each hour 
delay in antibiotic administration has been shown to decrease 
survival by 8% [22]. Goals of therapy include reversal of hypo-
tension, increasing urine output, normal capillary refill, f ull 
peripheral pulses, and adequate level of consciousness w ith-
out i nducing h epatomegaly o r r ales. F or S cvO2 < 7 0%, H b 
levels of 10 g/dL should be targeted, a lthough a l ower target 
of >7 g /dL i s appropriate a fter s tabilization. Hydrocortisone 
therapy should be given to children with fluid-refractory, cat-
echolamine - resistant s hock a nd/or a bsolute a drenal i nsuf-
ficiency. E xtracorporeal m embrane o xygenation ( ECMO) 
should be considered for refractory septic shock and/or data 
suggest improved survival (up to 74%) in patients treated with 
veno-arterial (VA) ECMO [23].

Cardiogenic shock

Pure cardiogenic shock is an uncommon result of pediatric 
trauma. As part of the initial assessment of a child with sus-
pected acute heart failure, it is important to question whether 
an alternative diagnosis such as sepsis is possible. In the trauma 
patient, precipitating causes such as myocardial contusion, 
pericardial tamponade, tension pneumothorax, or arrhythmias 
must be identified and treated. An acute decline in cardiac func-
tion in previously healthy children is poorly tolerated and may 
place them at risk for imminent cardiovascular collapse.

Patients w ith c ardiogenic s hock a re a t r isk o f c ardiac 
arrest during i ntubation [24]. S edation a nd a nalgesia m ay 
blunt endogenous catecholamines, increase systemic venous 
capacitance and preload, cause peripheral vasodilation, and 
have direct myocardial depressant effects. Additionally, the 
increased intrathoracic pressure from positive pressure ven-
tilation may f urther reduce r ight-ventricular preload. A ny 
precipitating factors should be treated and possible precau-
tions i nclude a dministration o f a dditional fluid, p reemp-
tive c atecholamine i nfusions, j udicious u se o f i nduction 
agents that are associated with vasodilation and myocardial 
depression, and readiness to place the patient on ECMO in 
the case of refractory cardiac arrest.

Management o f h eart f ailure t argets p reload, a fterload, 
and contractility in order to augment stroke volume/CO. 
Patients w ith h eart f ailure s ee i ncreases i n l eft-ventricular 

Table 11.2 Pediatric blood volume

Age
Estimated blood volume 
(mL/kg)

Premature infant 90–100
Term infant to 3 months 80–90
Children older than 

3 months
70

Obese children 65
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end-diastolic volume, decreased stroke volume, and increased 
left-ventricular end-systolic volume. ἀ ese factors, along with 
increased preload and ventricular end- systolic pressure, result 
in p rogressive left atrial h ypertension, pulmonary e dema, 
increased w ork o f b reathing, a nd s hock. C areful m onitor-
ing should be used to optimize ventricular filling pressures 
to m aximize s troke v olume w hile l imiting p ulmonary a nd 
peripheral e dema. T rauma m ay c ompromise p reload v ia 
reduction in diastolic filling time with excessive tachycardia, 
tamponade, o r l oss o f a trioventricular s ynchrony. ἀ erapy 
may involve volume administration, heart rate control, or 
administration of diuretics and fluid restriction, although the 
latter is uncommon during initial phases of trauma resuscita-
tion and management. Additional strategies may attempt to 
reduce oxygen demand (VO2) by managing core temperature, 
pain/anxiety, work-of-breathing, and catabolic stress.

Afterload i s i nfluenced b y v entricular t ransmural w all 
pressure, the thickness of the ventricular wall, and resistance 
at t he aortic outflow t ract f rom either valvular s tenosis or 
systemic arterial pressure. Assuming adequate blood pres-
sure, SVR may be reduced by using vasodilators. Drugs such 
as n itroglycerin o r n itroprusside m ay b e u sed. M ilrinone 
has t he dual effect of lowering SVR while i mproving con-
tractility. Caution should be taken to maintain an adequate 
diastolic pressure to ensure stable coronary artery perfusion 
pressures and prevent subendocardial ischemia.

Inotropic therapy may be added to increase myocardial 
contractility in patients with severe heart failure. ἀ e goal 
of therapy is to augment stroke volume at the same or lower 
ventricular end-diastolic pressure. Characteristics of com-
mon agents are detailed in Table 11.3.

Neurogenic shock

Head injury is an important cause of hypotension and shock 
in pediatric trauma, particularly among young children [25–
27]. One study reported that isolated head injury was seen in 

31% of children ≥6 years old and 61% of children 0–5 years old 
who p resented w ith s ystolic h ypotension f ollowing t rauma 
[27]. A more recent s tudy supported these findings i n that 
among patients with severe shock following trauma, isolated 
head injury was found in 29% of children age 0–15 years and 
in 50% of children younger than 5 years old [25]. ἀ ese data 
challenge t raditional t eachings r egarding r esuscitation f or 
shock i n t rauma, a s c urrent p ractices o riginate p rimarily 
from managing hemorrhage. Further s tudy i s warranted to 
identify best practices for treating these children.

Adrenal insufficiency

During p eriods o f s ignificant s tress, c ortisol l evels a re 
increased t hrough a ctivation o f t he h ypothalamic–
pituitary– adrenal ( HPA) a xis i n o rder t o m aintain 
homeostasis. Cortisol increases the availability of energy 
substrates; m aintains c ardiovascular t one, en dothelial 
integrity, a nd d istribution o f fluids w ithin t he v ascular 
compartments; p otentiates v asoconstriction; a nd c oun-
teracts t he i nflammatory c ascade m odulating i mmune 
responses [ 28]. D espite t he f act t hat m any c ritically i ll 
patients h ave e levated p lasma c ortisol c oncentrations, 
these levels often reflect production t hat i s i nadequate to 
meet t he b ody’s i ncreased d emand. ἀ is “ functional” o r 
“relative” a drenal i nsufficiency i s t ermed c ritical i llness-
related corticosteroid insufficiency ( CIRCI) a nd may 
result f rom a d ecrease i n adrenal s teroid production, t is-
sue resistance to glucocorticoids, or structural damage to 
the adrenal gland, hypothalamus, or pituitary gland from 
either hemorrhage or infarction. Secondary adrenal insuf-
ficiency may also occur following long-term therapy with 
exogenous g lucocorticoids. W hile r eported p revalence 
varies by population, rates as high as 60%–90% have been 
seen in patients with septic shock, and a large multicenter, 
prospective s tudy o f c ritically i ll c hildren ( comprising 
trauma, s epsis, a nd s urgery) i dentified a n i ncidence o f 

Table 11.3 Characteristics of selected inotropic agents

Inotrope Receptor/mechanism
Cardiac 
output

Heart 
rate SBP PCWP Half-life

Myocardial 
oxygen 
consumption

Dopamine β1 > β ↑ ↑ ↑ ↔ 2–20 minutes ↑

Dobutamine β1 > β2 ↑ ↑ ↔ ↓ 2–3 minutes ↑
Epinephrine β1 > β2, α1 ↑ ↑ ↑ ↔ 2–7 minutes ↑

Milrinone Phosphodiesterase-III 
inhibition

↑ ↔ ↓ ↓ 1–4 hours ↔

Levosimendan Stabilises calcium–
troponin interaction 
opens KATP channel

↑ ↑ ↓ ↓ 1–1.5 hours ↔

Source: Costello JM, et al. Cardiol Young 2015;25 (Suppl 2):74-86.

α1 =  alpha-1 adrenergic receptor; β1 = beta-1 adrenergic receptor; β2 = beta-2 adrenergic receptor; DA = dopamine receptor 1; 
KATP = adenosine triphosphate sensitive potassium; PCWP = pulmonary capillary wedge pressure; SBP = systolic blood pressure.
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adrenal i nsufficiency o f 3 0% [ 28,29]. W hen t here i s n o 
structural damage to the HPA axis, CIRCI is reversible in 
most p atients. I n t he p ediatric p opulation, t here i s s ome 
disagreement o n d iagnostic c riteria, a lthough d elay i n 
diagnosis and treatment may be fatal.

Clinical features of CIRCI are often nonspecific, but may 
include abdominal pain, mental status changes, hyponatre-
mia, hyperkalemia, neutropenia, eosinophilia, fever, hypo-
glycemia, a nd h emodynamic i nstability w ith d ependence 
on catecholamine therapy despite control of other potential 
etiologies.

Diagnostic t ests f or a drenal i nsufficiency h ave s everal 
limitations. ἀ e a drenocorticotropic h ormone ( ACTH) 
stimulation t est m easures t he a bility o f t he a drenal g land 
to increase production of cortisol in response to ACTH, but 
it does not test the integrity of the HPA axis, the response 
to other stressors such as hypotension or hypoglycemia, or 
the adequacy of s tress cortisol concentrations. It may a lso 
be poorly reproducible in patients with septic shock. Adult 
consensus g uidelines r ecommend u se o f t he h igh-dose 
ACTH stimulation test (250 µg cosyntropin) rather than 
the low-dose (1 µg) test due to limited data and poor repro-
ducibility o f t he l atter, a s w ell a s t he f act t hat t here i s n o 

premade pharmacological preparation of the low-dose solu-
tion. However, the low-dose (1 µg) test may be more physi-
ologic and has been used in critically ill children with 100% 
sensitivity and 84% specificity [28]. A d iagnostic approach 
in children can be found in Figure 11.1.

ἀ ere are six randomized controlled trials regarding use 
of h ydrocortisone f or a drenal i nsufficiency i n a dults t hat 
disagree on whether or not there is a mortality benefit [28]. 
Significantly less work has been performed in pediatric pop-
ulations and efficacy data are not well established. However, 
current pediatric and neonatal septic shock guidelines from 
the American College of Critical Care Medicine recom-
mend administration of hydrocortisone i f t he patient i s at 
risk for adrenal insufficiency and remains in shock despite 
vasopressor infusion [19]. Studies in children with systemic 
inflammatory r esponse s yndrome h ave s hown t hat v aso-
pressor d osages a re r educed w ithin 4 h ours o f c orticoste-
roid administration in 92% of children with CIRCI [30], and 
the addition of fludrocortisone to the treatment protocol for 
patients with septic shock, specifically, is associated with a 
shorter duration of norepinephrine support [31]. Further 
studies are needed to determine the best management strat-
egies in the pediatric population.

Critically ill child

High risk of
mortality

>34 µg/dL
(938 nmol/L)

<9 µg/dL
(250 nmol/L)

<10 µg/dL
(276 nmol/L)

>9 µg/dL
(250 nmol/L)

10–34 µg/dL
(276–938 nmol/L)

Random cortisol level

ACTH stimulation test

Delta cortisol level
(cortisol at 60 min—cortisol at 0 min)

CIRCI

Normal

Stress dose of
hydrocortisone

for 5–14 days

Figure 11.1 Decision tree for the investigation and management of adrenal function in critically ill children. (From Levy-
Shraga, Y. and Pinhas-Hamiel, O., Horm Res Paediatr., 80, 309–317, 2013. With permission from Karger Publishers.)
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Acute respiratory distress syndrome

Incidence and pathophysiology

Acute lung injury and respiratory insufficiency are common 
in the pediatric trauma patient and may result from etiolo-
gies s uch a s p ulmonary c ontusion, a telectasis, a spiration, 
infection, acute respiratory distress syndrome (ARDS), and 
others. ἀ e most serious of these, ARDS, occurs in children 
with an incidence between 2.0 and 12.8 per 100,000 person 
years. It is observed in 8.3% of a ll mechanically ventilated 
children i n t he p ediatric i ntensive c are u nit ( PICU), a nd 
carries with it a mortality of 18%–27% [32,33].

In trauma patients, pulmonary injuries preceding ARDS 
may b e d irect (e.g., p ulmonary c ontusion o r s moke i nha-
lation) o r i ndirect ( e.g., s hock a nd s epsis). ἀ ese i nitial 
injuries lead to ARDS through a c ommon, diffuse inflam-
matory process. ἀ e i nitiating e vent a ppears t o b e a ctiva-
tion of circulating neutrophils that infiltrate the pulmonary 
capillaries and result in endothelial damage. Enhanced per-
meability of both the microvasculature and airways leads to 
accumulation of a p rotein-rich exudate i n t he a lveoli [34]. 
Compromised barrier function a llows migration of leuko-
cytes, erythrocytes, and platelets into the airspaces, which 
augment inflammation by secreting pro-inflammatory 
mediators. ἀ is results in a vicious cycle wherein lung dam-
age promotes further inflammation and leads to progressive 
respiratory i nsufficiency. F urthermore, fibrin i s d eposited 
in t he l ungs a nd m ay r esult i n p ulmonary fibrosis. ἀ ese 
processes occur rapidly: 29% of t hose who develop A RDS 
following trauma do so w ithin 24 hours of i njury, a nd a ll 
others meet criteria within 7 days of their initial insult [32].

ἀ e end result is decreased pulmonary compliance, 
increased w ork of breathing, and worsening oxygenation. 
Hypoxemia results f rom impaired oxygen diffusion across 
the alveoli and ventilation perfusion mismatch. ἀ e inflam-
matory exudate in t he lungs collects to a g reater extent in 
dependent p ortions of t he lung. It l eads to i nactivation of 
surfactant and consequently contributes to atelectasis and 
intrapulmonary s hunting [34]. ἀ e l ower p ulmonary a nd 
chest wall compliance, as well as reduced functional resid-
ual capacity, seen in children may also compound alveolar 
hypoventilation a nd d erecruitment. ἀ is m ay b e f urther 
complicated b y r eductions i n c ompliance f rom c hest w all 
trauma.

Age-related considerations in pathogenesis

ἀ ere a re s everal p ediatric-specific f actors a nd c omor-
bidities t hat m ust b e c onsidered w hen m anaging A RDS. 
ἀ e first i s t he progression of postnatal lung a nd immune 
system d evelopment a cross a ges. I t i s t hought t hat a lveo-
larization a dds r oughly 25 0 m illion a lveoli f rom b irth 
to a dulthood, but t he process m ay b e a lmost c omplete by 
18 months of age [32]. Subsequent lung maturation includes 
a r apid i ncrease i n a lveolar surface a rea, s lowing of c ellu-
lar p roliferation, d ecreased m esenchymal a nd i nterstitial 

tissue mass, and changes to the alveolar capillary network. 
ἀ ese processes continue until adult height is reached, and 
along w ith i mmune d evelopment, a re l ikely t o a ffect a ge-
related incidence of infections, inflammation, a nd pulmo-
nary apoptotic and repair mechanisms. Data do not suggest 
a clear dichotomy in terms of incidence or mortality at any 
particular age, but, certainly, acute hypoxia in the perinatal 
period from surfactant deficiency or congenital abnormali-
ties should not be treated as ARDS.

Diagnostic criteria

Several o f t he c riteria c ommonly a ccepted t o d efine A RDS 
in adults are translatable to the pediatric population [35], but 
departures from these measures have been described to bet-
ter define and risk stratify the disease in children. Criteria for 
pediatric acute respiratory distress syndrome (PARDS) have 
been p ublished i n c onsensus g uidelines [ 32] ( Figure  11.2). 
Pediatric-specific g uidelines d iscuss c riteria f or r isk s trati-
fication a nd d isease s everity t hat u se S aO2 w hen P aO2 is 
unavailable, that account for the increasing use of noninva-
sive respiratory support, and that rely heavily on oxygenation 
index (OI = [FiO2 × mean airway pressure × 100]/PaO2). ἀ e 
OI i s n ot a ffected b y v ariability i n v entilator m anagement 
and is predictive of outcomes throughout the disease course. 
For each tier of severity defined by the OI, PARDS mortality 
doubles: mortality is roughly 12%, 20%, and 41% for the mild, 
moderate, and severe groups, respectively.

ἀ ese g uidelines a lso a llow f or t he d iagnosis o f A RDS 
in patients w ith p ediatric pulmonary a nd c ardiac a noma-
lies a nd a ddress t he i mportance o f r adiographic findings. 
Specifically, imaging showing bilateral infiltrates is not nec-
essary for t he d iagnosis of PARDS. ἀ e g uidelines do not 
remove imaging findings all together, though, because they 
may be helpful in distinguishing hypoxia from causes that 
do not share the pathophysiology of ARDS (i.e., asthma).

Pulmonary critical care

Noninvasive ventilation

Noninvasive p ositive p ressure v entilation ( NPPV) m ay b e 
used as either a preventive strategy in patients at risk for respi-
ratory failure or a s primary t herapy. N PPV i s a n attractive 
alternative to intubation in children with impending respira-
tory failure and has an overall prevalence of about 8.5% for 
use in the treatment of mild PARDS [36]. NPPV supports ven-
tilation by reducing atelectasis, improving oxygenation, and 
offloading fatigued respiratory muscles, all while preserving 
the a irway a nd a irway c learance mechanisms a nd avoiding 
sedation [37]. I t a lso m inimizes v entilator-associated c om-
plications such as pneumonia and barotrauma. Some centers 
may additionally employ NPPV to bridge to extubation or to 
support children following extubation.

Several d evices a re a vailable f or d elivery o f N PPV t o 
children. Currently available technologies include full-
face masks, helmet interfaces, short-prong nasal cannulas, 
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intermediate s ize h igh-flow n asal c annulas ( HFNCs), a nd 
RAM nasal cannulas. RAM cannulas have larger diameter 
tubing than HFNCs and thereby reduce resistance in order 
to a llow t ransmission o f g reater p ressures. P roper fit o f 
these devices is important, as leaks reduce device efficiency 
and cause patient discomfort with irritation to the eyes and 
conjunctivitis [37]. All devices should be used with heated 
humidification to prevent dryness of the airway epithelium, 
which c an c ause i nflammation t hat l eads t o l ocal e dema 
and subsequent increased airway resistance in already small 
upper airways.

Common modes of noninvasive ventilation

NPPV m ay b e d elivered a s e ither c ontinuous p ositive 
airway p ressure ( CPAP) o r b ilevel p ositive a irway p res-
sure ( BiPAP). C PAP i s f unctionally s imilar t o p ositive 
end expiratory pressure (PEEP) except that it is delivered 
throughout t he r espiratory c ycle. W ith C PAP, p atients 
initiate a ll b reaths. B iPAP d elivers b oth a n i nspiratory 
positive a irway p ressure (IPAP) a nd expiratory p osi-
tive a irway pressure (EPAP). W hile t here a re no s tudies 
directly c omparing t he t wo m odalities, s everal n onran-
domized t rials i n b oth a dults a nd c hildren s upport t he 
benefit o f B iPAP [ 37]. B y p roviding a dditional s upport 
during i nspiration, i t i mproves oxygenation, ventilation, 

and pulmonary mechanics. However, CPAP still has a role 
in c hildren w ho a re u nable t o a ttain p atient–ventilator 
synchrony or when use of a nasal interface is preferred.

At present, there is no recommended role for HFNC in 
the treatment of PARDS [37]. HFNC is thought to improve 
oxygenation and reduce ventilator dead space by “washing 
out” nasopharyngeal CO2. It is also thought to generate a 
modest d egree o f p ositive p ressure t hat w orks t o r educe 
upper a irway r esistance a nd w ork o f b reathing; a lthough 
this i s l ikely l ower t han t hat p rovided b y N PPV. F urther 
data are needed to define a role for HFNC in the treatment 
of PARDS.

Use of NPPV in the treatment of chest trauma

Injuries associated with chest trauma include rib fractures, 
pneumothorax, h emothorax, flail c hest, a nd p ulmonary 
contusions. ἀ ese i njuries m ay r esult i n d irect p arenchy-
mal d amage a nd s ubsequent i nflammatory responses t hat 
can l ead t o p ulmonary e dema, b ronchial s ecretions, a ir-
way colonization, alveolar collapse, impaired alveolar fluid 
clearance, ventilation perfusion mismatch, lung consolida-
tion, m ild hypoxemia, or e ven A RDS. W hile t here a re no 
good data for use of NPPV for chest trauma in children, a 
recent meta-analysis of use of NPPV in adult chest trauma 
found significant reductions in intubation rate, respiratory 

Figure 11.2 Pediatric acute respiratory distress syndrome (PARDS) definitions. 1Use PaO2-based metric when available. If 
PaO2 is not available, wean FiO2 to maintain SpO2 ≤97% to calculate oxygen saturation index (OSI =FiO2 × mean airway 
pressure × 100]/SpO2) or SpO2:FiO2 (SF) ratio. 2Acute respiratory distress syndrome severity groups stratified by oxygen-
ation index (OI; [FiO2 × mean airway pressure × 100]/PaO2) or OSI should not be applied to children with chronic lung 
disease who normally receive invasive mechanical ventilation or children with cyanotic congenital heart disease. CPAP = 
continuous positive airway pressure, PF = PaO2:FiO2. (From Khemani, R.G. et al., Pediatr Crit Care Med., 16, S23–S40, 
2015. With permission from Wolters Kluwer Health, Inc.)

Age Exclude patients with perinatal-related lung disease
Timing Within 7 days of known clinical insult
Origin of edema Respiratory failure not fully explained by cardiac failure or fluid overload
Chest imaging Chest imaging findings of new infiltrate(s) consistent with acute pulmonary parenchymal disease

Oxygenation

Non-invasive mechanical ventilation Invasive mechanical ventilation

PARDS (no severity stratification) Mild Moderate Severe

Full face-mask bi-level ventilation or 
CPAP ≥5 cm H2O

4 ≤ OI < 8 8 ≤ OI < 16 OI ≥ 16

PF ratio ≤ 300
SF ratio ≤ 2641

5 ≤ OSI < 7.51 7.5 ≤ OSI < 12.31 OSI ≥ 12.31

Special populations

Cyanotic heart 
disease

Standard criteria above for age, timing, origin of edema, and chest imaging with an acute 
deterioration in oxygenation not explained by underlying cardiac disease.2

Chronic lung 
disease

Standard criteria above for age, timing, and origin of edema with chest imaging consistent with new 
infiltrate and acute deterioration in oxygenation from baseline which meet oxygenation criteria 
above.2

Left ventricular 
dysfunction

Standard criteria for age, timing, and origin of edema with chest imaging changes consistent with new 
infiltrate and acute deterioration in oxygenation which meet criteria above not explained by left 
ventricular dysfunction.
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rate, i nfection, ICU length of s tay, hospital l ength of s tay, 
and m ortality ( 3% v s. 2 3%) w hen c ompared t o s tandard 
therapies without increased morbidity [38]. CPAP is recom-
mended for management of pulmonary t rauma since data 
suggest patients benefit most from PEEP and because it car-
ries a lesser risk of barotrauma. Additional studies in chil-
dren a re n eeded i n o rder t o m ake firm r ecommendations 
for management.

Use of NPPV in the treatment of PARDS

If NPPV is to be used in the treatment of PARDS, it should 
be c onsidered e arly i n t he c ourse o f t he d isease, a nd i t 
should be avoided in children with severe PARDS. Certain 
populations such as those with immunodeficiency may see 
an even greater benefit from NPPV since they are at greater 
risk of complications from mechanical ventilation.

Several p rospective a nd r etrospective c ohort s tudies 
describe t he u se o f N PPV i n h eterogeneous p opulations 
of c hildren w ith r espiratory c ompromise. I n a r andom-
ized t rial t hat c ompared N PPV w ith s tandard c are for 5 0 
children with acute hypoxic respiratory failure, the authors 
found t hat t he i ncidence o f i ntubation w as s ignificantly 
reduced with NPPV (28% vs. 60%, p = 0.045), as were chil-
dren’s heart and respiratory rates [46]. When only children 
with mild PARDS were considered, t he median f requency 
of treatment failure with NPPV was 21%; however, that rate 
increased t o 5 7% f or s tudies t hat i ncluded c hildren w ith 
more s evere hypoxemia. Given t hat children w ith PARDS 
can d eteriorate q uickly, N PPV s hould o nly b e em ployed 
with continuous monitoring and where invasive ventilation 
is also readily available. Available data suggest that children 
that e ither w orsen o r d o n ot s how c linical i mprovement 
within 4 hours of starting NPPV are likely to require intu-
bation [37,39].

Contraindications

Contraindications t o i nitiating t herapy w ith N PPV a re 
moderate to severe/life-threatening hypoxemia, upper a ir-
way obstruction, vomiting, impairment of the cough or gag 
reflex, facial trauma or deformity, Glasgow Coma Scale score 
less than 10, hemodynamic instability requiring inotropes/
vasopressors, cyanotic congenital heart disease, cardiac 
arrhythmias, and intolerance of the delivery device. When 
therapy with NPPV is failing, early conversion to intubation 
and mechanical ventilation should be considered.

Indications for mechanical ventilation

Mechanical ventilation may be initiated for both respiratory 
and nonrespiratory problems in trauma patients in the ICU 
based on a combination of clinical judgment, signs, and 
symptoms of distress and laboratory values denoting need 
for s upport. I ndications i nclude (1) h ypoxemic o r h yper-
carbic respiratory failure, (2) optimization of PaCO2, as in 
traumatic b rain i njury, (3) t he n eed t o d ecrease a fterload 

and w ork o f b reathing, (4) a irway p rotection f or p atients 
with altered mental status or coma, and (5) central nervous 
system or neuromuscular dysfunction.

Ventilator-induced lung injury and 
lung-protective ventilation

Modern p rotocols f or m echanical v entilation h ave b een 
constructed t o m inimize v entilator-induced lung i njury 
(VILI). V entilation w ith h igh t idal v olumes ( VTs) o r 
pressures c auses l ung h yperinflation t hat c an p roduce 
stress f ractures a t t he a lveolar–capillary i nterface (volu-
trauma a nd b arotrauma, r espectively). ἀ is h as s everal 
consequences, i ncluding a ccumulation o f a lveolar g as 
in t he pulmonary parenchyma, mediastinum, or pleural 
cavity; i nflammatory l ung i njury; a nd s ystemic i nflam-
mation [ 40,41]. C onversely, i nadequate P EEP m ay l ead 
to s ignificant s tress i n d ependent l ung r egions d ue t o 
repeated a lveolar c ollapse a nd r e- expansion t hat g ener-
ates shear forces t hat d amage a irway e pithelium (atelec-
trauma). F actors t hat p redispose t o l ung i njury i nclude 
structural immaturity of the lung and chest wall, surfac-
tant i nsufficiency o r i nactivation, a nd p re-existing l ung 
disease [41].

Lung-protective v entilation d escribes a s trategy t o 
achieve adequate (not necessarily normal) gas exchange by 
using low VT to prevent overdistention of the lung, PEEP to 
reduce atelectasis, and minimal required FiO2 to avoid oxi-
dative stress. ἀ ese practices have largely been extrapolated 
from studies of adult ICU patients with ARDS [42], although 
there is a lso significant interest in the neonatal population 
where lung-protective strategies have been shown to reduce 
risk f or b ronchopulmonary d ysplasia a nd r etinopathy o f 
prematurity [43]. In general, VT should be 6 mL/kg of body 
weight, PEEP should range between 5 and 12 cm H2O, and 
FiO2 s hould b e m aintained a t t he l owest p ossible l evel t o 
keep oxygen saturation between 88% and 94%. Plateau pres-
sure should not exceed 30 cm H 2O; however, h igher pres-
sures m ay b e t olerated i n p atients w ith c hest w all t rauma 
that reduces compliance. Permissive hypercapnia, as appro-
priate, allows us to maintain low VT ventilation.

Modes of mechanical ventilation

Conventional modes of ventilation

Conventional modes of ventilation differ in three variables: 
(1) t rigger m echanism, (2) p ressure v ersus v olume l imits, 
and (3) respiratory cycle timing. A trigger to deliver a posi-
tive pressure breath may be either patient effort or elapsed 
time, a nd b ased o n h ow t he b reath i s i nitiated, o ne m ay 
elect to use a mandatory mode, a support mode, or a com-
bination of both. Volume control (VC) ventilation is limited 
by a preset VT, whereas pressure control (PC) ventilation is 
limited by a preset peak inspiratory pressure (PIP). VC ven-
tilation has the advantage of complete control over minute 
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ventilation and protection against VILI, but the constant 
flow pattern may lead to greater patient–ventilator dyssyn-
chrony. PC ventilation is characterized by an exponentially 
decreasing i nspiratory flow i n o rder t o k eep a irway p res-
sure a t t he preselected v alue. ἀ is results i n a l ower p eak 
pressure f or a g iven V T, l ess t urbulent flow a t t he en d o f 
inspiration t hat c ould l ead to improved l ung mechanics 
and g as e xchange [44], b etter p atient c omfort a nd p oten-
tial f or g reater s ynchrony. H owever, P C v entilation l eads 
to variable inflation volumes with changes to the mechani-
cal properties of the lungs and may inadequately ventilate 
patients with ARDS. Breaths may be cycled based on time, 
volume, or flow.

Two of the most commonly used conventional modes of 
ventilation are assist-control (A/C) and synchronized inter-
mittent mandatory ventilation (SIMV) with or without pres-
sure support (PS). In A/C ventilation, the ventilator delivers 
a p reset r ate a nd V T b ut w ill a llow f or a dditional b reaths 
to b e d elivered ( at t he s ame l evel o f s upport) w hen t he 
patient initiates inspiration. Importantly, the patient cannot 
breathe independently of the ventilator, and the respiratory 
cycle may occur at irregular intervals depending on effort. 
In S IMV, t he v entilator d elivers p reset b reaths i n c oordi-
nation w ith t he respiratory effort. I f, however, no effort i s 
detected at an interval determined by the preset rate, then 
a fully supported, mandatory breath will be delivered. ἀ is 
has the advantage of avoiding potential harm to the patient 
by d elivering a m echanical b reath w hen t he p atient i s i n 
mid- or end-inspiration. Spontaneous breathing is allowed 

between breaths, a nd the ventilator may be s et to provide 
anywhere from no support to the same amount of support 
delivered with the mandatory breaths (depending on the set 
value for PS). Steps to initiate conventional ventilation are 
detailed in Table 11.4.

Advanced modes of ventilation

Several a dvanced m odes o f v entilation e xist a nd t he d is-
cussion of a ll of t hem is beyond t he scope of t his chapter. 
Pressure-regulated volume control ventilation (PRVC, a lso 
known a s v olume c ontrol p lus [ VC+]), i s a h ybrid m ode 
whereby a p reset V T a nd f requency i s d elivered w ith a 
pressure limit [45]. An adapting, decelerating flow pattern 
ensures t hat t he V T i s d elivered b ut a llows f or b reath-to-
breath changes in pressure, and breaths may be delivered in 
either a controlled or synchronized fashion. ἀ is allows for 
reductions in PIPs over VC ventilation alone [46].

Airway pressure release ventilation (APRV) can be 
thought o f a s d elivering t wo d ifferent l evels o f C PAP, one 
“high” and one “low”, with a set release time. It maintains a 
high airway pressure for the majority of the cycle and peri-
odically r eleases t o a s et P EEP t o a llow v entilation. S ince 
a greater amount o f time is spent in “inspiration,” i t i s a 
type of inverse ratio ventilation. APRV allows spontaneous 
breathing t hroughout t he en tire c ycle a nd i mproves a lve-
olar r ecruitment b y i ncreasing t he m ean a irway p ressure. 
As with any PC mode of ventilation, the patient remains at 
risk for injurious V Ts or, conversely, ineffective ventilation 
if lung compliance changes. W hile t here is not much data 

Table 11.4 Steps to initiate conventional ventilation

 1. Set the triggering mechanism (i.e., mandatory breaths, support breaths, or a combination).
 2. Set the control/limit for the breaths (i.e., PC, VC, or PRVC [also known as VC+]).
 3. Set the FiO2 to 100% and then decrease to lowest level needed to achieve adequate oxygenation (preferably <60%).
 4. Set the respiratory rate (RR) normal to the child’s age.

a. For infants and small children: 20–30 breaths/min
b. For adolescents: 15 breaths/min

 5. Set the inspiratory time (iT).
a. For infants and small children: 0.4–0.7 seconds
b. For adolescents: 0.8–1 second

 6. Set PEEP to exceed alveolar closing pressures and maintain functional residual capacitya. Start at 4–5 and titrate based 
on oxygenation requirements.

 7. For VC/PRVC, set tidal volume (VT).
a. VT should range from 6–10 mL/kg ideal body weight. PIP becomes a dependent variable.

 8. For PC, set a pressure above PEEP to achieve a desired VT. PIP becomes equal to PC + PEEP.
a. Start at 20–24 and titrate based on chest rise and desired VT (as above).

 9. Adjust ventilation by controlling minute ventilation (=RR x VT).
 10. Adjust oxygenation with FiO2 or PEEP.
 11. Troubleshoot by checking endotracheal tube placement/position; evaluating for airleaks; checking a CXR for 

intraparenchymal problems, pleural effusion, pneumothorax, and so on; evaluating patient synchrony and sedation 
level; and evaluating if there a more appropriate ventilation mode versus readiness for extubation. Routine monitoring 
should include ABGs, continuous ETCO2, and continuous SaO2.

 12. If all else fails, consider permissive hypercapnia or hypoxemia.

ABG, arterial blood gas; PC, pressure control; PEEP, positive end expiratory pressure; PRVC, pressure regulated volume control; RR, respira-
tory rate; VC, volume control.
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to a dvocate u se o f t his m ode o ver o thers i n t he p ediatric 
 population [47], there is some evidence that it may pre-
vent t he d evelopment o f A RDS i n h igh-risk a dult t rauma 
patients [48].

High-frequency o scillatory v entilation ( HFOV) u ses 
respiratory rates between 4 a nd 250 t imes the normal rate 
and small VTs in an attempt to optimize gas exchange and 
prevent lung injury. HFOV may be useful in patients with 
pneumothorax or air leak syndromes. While there is insuf-
ficient evidence to suggest that HFOV reduces mortality in 
these patient populations when compared to conventional 
ventilation [ 49], i t h as b een s hown i n s ingle-center s tud-
ies to improve oxygenation and lower rates of barotrauma 
when implemented early in pediatric burn patients with 
ARDS [50,51]. A protocol for initiating support with HFOV 
is detailed in Table 11.5. Of note, under-inflation of the lungs 
may result i n e levated pulmonary v ascular resistance a nd 
higher oxygen requirements, while over-inflation may lead 
to hemodynamic compromise, hypotension, and hypoxia 
secondary to decreased CO.

Adjuncts to mechanical ventilation

Several a ncillary t reatments h ave b een a ttempted i n t he 
management o f A RDS, i ncluding p rone p ositioning, 
inhaled nitric oxide (iNO), corticosteroids, helium–oxygen 
mixtures, plasminogen activators, fibrinolytics or other 
anticoagulants, inhaled β-adrenergic receptor agonists or 
ipratropium, inhaled N-acetylcysteine for mobilizing secre-
tions, c ough a ssist d evices, a nd e xogenous s urfactant i n 
non-neonatal patients. ἀ e majority of these treatments lack 
evidence to support their use, but for some therapies, such 
as prone positioning and iNO, specific patient populations 
may derive benefit [52].

Prone positioning is utilized to reduce ventilation perfu-
sion mismatch by redistributing blood flow f rom u nventi-
lated areas of the lung and to recruit previously atelectatic 
lung a reas. ἀ e s chedule f or r otation v aries a nd, u nless a 
specialty r otary b ed i s u tilized, t he p rocess m ay b e l abor 
intensive a nd r isk d islodgement o f l ines a nd en dotra-
cheal tubes. While studies have consistently demonstrated 
improved oxygenation w ith prone p ositioning [52], a r an-
domized trial of patients with acute lung injury (PaO2/FiO2 
ratio of ≤300 mmHg) failed to demonstrate any improve-
ment in ventilator-free days, all-cause mortality, and other 
outcomes. D espite t his, a m eta-analysis o f 1 0 a dult a nd 
pediatric s tudies e xamining p atients w ith s evere A RDS 
(PaO2/FiO2 ratio of ≤ 100 mmHg) demonstrated a decreased 
mortality with prone positioning (risk ratio = 0.84, 95% CI 
= 0 .74–0.96, p = 0 .01) [53], a nd a s ubsequent r andomized 
controlled trial of adults with severe ARDS (PaO2/FiO2 ratio 
of ≤150 mmHg) demonstrated a 50% reduction in all-cause 
mortality at 28 days (16% vs. 33%, p < 0.001) [54]. Although 
prone positioning cannot be recommended as routine ther-
apy for pediatric ARDS patients, it should be considered in 
cases of severe ARDS.

iNO acts as a pulmonary arterial vasodilator through its 
effect on vascular smooth muscle relaxation. It is thought to 
improve ventilation/perfusion mismatch in ARDS by pref-
erentially vasodilating areas that are adequately ventilated, 
thereby shunting blood away from poorly ventilated areas. 
ἀ ree randomized controlled trials have been performed to 
study the use of iNO in pediatric patients with ARDS, and 
while t hey d emonstrate t hat i NO i mproves o xygenation, 
they do not demonstrate any positive effects on outcomes. 
In fact, i NO may actually be associated w ith a n i ncreased 
incidence of renal impairment [55,56]. iNO should still 
be c onsidered i n p atients w ith d ocumented p ulmonary 

Table 11.5 Steps to initiate high-frequency oscillatory ventilation

 1. Set the mean airway pressure (MAP).
 a. The ventilator can calculate this value while in conventional modes, and it should generally be increased by 1–2 

when transitioning to HFOV.
 2. Set the amplitude (ΔP).
 a. This value is the degree of oscillation around the MAP and is directly related to CO2 removal.
 b. Keep the MAP and ΔP within a 1:2 or 1:3 ratio. That means you can calculate a starting ΔP by multiplying the MAP 

by 2 or 3 with the goal of achieving good chest vibration.
 3. Set the number of cycles/second (Hz).
 4. Typically, premature infants are set to a Hz of 12–15 and term infants are set to a Hz of 8–10.
 5. Obtain a CXR within 30–60 minutes of initiating HFOV. The goal is to have 9–10 rib expansion on chest x-ray. An ABG 

should also be checked within 1 hour of starting HFOV.
 6. MAP and/or FiO2 may be adjusted to improve oxygenation (with little effect on ventilation). After a point, high MAPs 

may compromise cardiac output and could lead to clinical deterioration. However, if the MAP is decreased too rapidly, 
it may lead to atelectasis and CO2 retention.

 7. ΔP may be adjusted to change ventilation (with little effect on oxygenation). An increase in ΔP will cause a decrease in 
CO2 and vice versa.

 8. If adjustment of ΔP is unsuccessful, the Hz may be altered. An increase in Hz causes a linear decrease in ventilation 
with a corresponding increase in CO2 and vice versa.

ABG, arterial blood gas; MAP, mean airway pressure; HFOV, high-frequency oscillatory ventilation.
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hypertension or severe right-ventricular dysfunction, and it 
may be considered as a rescue therapy from—or as a bridge 
to—extracorporeal life support (ECLS) [52].

Extracorporeal membrane oxygenation

When p atients w ith r espiratory f ailure f ollowing t rauma 
fail to i mprove w ith t he a bove modalities, c onsideration of 
ECMO is warranted. No strict criteria exist to direct the initi-
ation of ECMO, but several predictors of mortality help guide 
the decision. ἀ e most common index employed today is the 
oxygenation index (OI = [mean airway pressure × FiO2 × 100]/
postductal PaO2). An OI ≥ 40–45 is used as an indication for 
ECMO at most centers, but some advocate for more relaxed 
criteria of an OI ≥ 25. In general, ECMO should only be con-
sidered in patients with a l ikelihood of meaningful survival. 
Traditional c ontraindications i nclude i rreversible m ultisys-
tem organ failure, severe irreversible brain damage, ongoing/
uncontrolled h emorrhage, p re-ECMO u nwitnessed a rrest 
outside of the medical system, and grade III or greater intra-
cranial hemorrhage. Relative contraindications are based on 
size, weight, and gestational age, as well as comorbidities.

ECMO may be used to support either pulmonary func-
tion (veno-venous, VV) or pulmonary and cardiac function 
(VA). A dvantages o f V V E CMO i nclude m aintenance o f 
cerebral blood flow velocities and cerebral oxygenation, bet-
ter CNS protection from thrombotic and air emboli, return 
of pump-arterial blood to the right side of the heart, elimi-
nation o f i ncreased a fterload s econdary t o b lood r eturn 
to t he a orta, m aintenance o f n ormal p ulsatile b lood flow, 
and easier weaning. Patients on VA ECMO are susceptible 
to distal venous engorgement and compartment syndrome 
poor perfusion of the head and heart due to distance of oxy-
genated blood from the aortic root, and cardiac stun.

Published e xperience w ith E CMO i n t rauma p atients 
is l imited. T he E xtracorporeal L ife S upport O rganization 
reports a survival rate of 53%–59% for children with PARDS 
treated w ith E CMO, i ncluding p atients t reated f ollowing 
trauma. Several small case series of pediatric trauma patients 
with respiratory failure following blunt injury, near drown-
ing, and severe burns have been published with good results 
[57–60], but no large, prospective, or randomized trial exists. 
Initiation later i n t he course of d isease, g reater ventilation 
requirements before ECLS, and concomitant disease such as 
sepsis or multisystem organ failure were associated with mor-
tality. Although systemic anticoagulation may increase the risk 
bleeding, trauma patients with intracranial hemorrhages, solid 
organ injuries, extremity f ractures, and other injuries have 
been successfully managed with ECMO. Clinical judgment is 
paramount, as current evidence suggests that judicious use of 
ECMO to support pediatric trauma patients with respiratory 
failure can salvage some patients who would otherwise die.

Analgesia, sedation, and delerium

Injured c hildren admitted to t he I CU a re o ften i n p ain, 
frightened, and anxious. Our goal as intensive care providers 

is to ensure patient comfort and safety by minimizing pain 
and anxiety. Suboptimal management can lead to increased 
morbidity including increased duration of mechanical ven-
tilation, infection, intensive care, and  length of hospital stay 
[61]. Strategies c ombining frequent and c onsistent assess-
ment o f p ain, s edation, a nxiety, a nd m ental s tatus w ith 
goal-directed t herapy i n t he c ontext o f a u nit-based p ro-
tocol u sing t he m inimal a mount o f p harmacologic i nter-
vention individualized to address unique patient needs are 
preferred.

Pain s cales a nd a ssessment t ools a cross d evelopmen-
tal s tages a nd a ge h ave b een d eveloped, i dentified, v ali-
dated, a nd u sed t o m onitor p ediatric p ain. T raditional 
short- a nd l ong-acting n arcotic m edications ( morphine, 
hydromophone, f entanyl, m ethadone) i n c oncert w ith 
nonopioid medications such as acetaminophen and nonste-
roidal a nti-inflammatory agents (ibuprofen, ketorolac) may 
be implemented in unit-based protocols. Regional anesthetic 
techniques such as epidural anesthesia for multiple rib frac-
tures and extremity nerve blocks for complex fractures may 
also be utilized in appropriate patients to complement tra-
ditional systemic analgesic pharmacotherapy.

Management of mental status, sedation, and anxi-
ety b egins w ith f requent a nd c onsistent a ssessment u sing 
tools such as the State Behavioral Scale and the Richmond 
Agitation-Sedation S cale, a mong o thers, t hat h ave b een 
developed, v alidated, a nd i ncorporated i nto s edation 
assessment and management protocols [61–63]. Short- and 
long-acting benzodiazepines are often provided as primary 
sedation therapy. Protocoled management with scheduled, 
objective assessments helps minimize morbidity and mor-
tality. Daily sedation interruptions, when appropriate, have 
been shown to decrease duration of mechanical ventilation. 
Complementary pharmacologic agents such as alpha-2 ago-
nists (deximatomidine and clonidine), typical (Haldol), and 
atypical a ntipsychotics ( risperdone, o lanzapine, z iprasi-
done) can also be used, in appropriate patients, for the man-
agement of sedation and anxiety [62].

Delirium m ay b e d efined a s fluctuating g lobal c erebral 
dysfunction [62]. It is a c omplex and multifactorial disease 
that a rises when normal brain activity is d isrupted during 
critical illness. Delirium may present in children with unique 
neuropsychiatric disturbances such as issues with the sleep–
wake cycle, disorientation, inattention, purposeless actions, 
labile a ffect, i nconsolability, a nd autonomic d ysregulation. 
Presenting s ymptoms may b e c onfounded by t he develop-
mental stage of the child. Injured children have multiple risk 
factors i ncluding t raumatic b rain i njury, s ystemic i nflam-
matory response s yndrome, i nfection, metabolic a nd e lec-
trolyte disorders, pain, anxiety, and complex pharmacology. 
ἀ e r ecognition a nd t reatment o f d elirium i s e ssential t o 
improving m orbidity a nd m ortality. P ediatric a ssessment 
tools such as the pediatric confusion assessment method for 
the ICU (pCAM-ICU) and the corneal assessment of pedi-
atric delirium (CAP-D) have been developed and validated 
[64]. ἀ ese t ools i nclude m easures o f m ental s tatus, i nat-
tention, level of consciousness, and disorganized t hinking. 
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Treatment i ncorporates g lobal a nd multidisciplinary mea-
sures including identifying and treating physiologic and 
metabolic derangements and organ dysfunction, optimizing 
pharmacologic i nterventions, a ppropriately t reating p ain, 
identifying a ppropriate s edation t argets, a nd m aintaining 
a stable and consistent atmosphere that incorporates family 
members, caregivers, and child-life specialists.

Acute kidney injury and fluid balance

Acute kidney injury (AKI) has been shown to be present in 
10%–18% of p ediatric i ntensive c are admissions a nd i s a n 
independent predictor of mortality, increased length of stay, 
and p rolonged v entilation [ 65–67]. ἀ e d efinition o f A KI 
has evolved f rom R IFLE criteria (risk, i njury, failure, loss, 
and end-stage) to the acute kidney injury network (AKIN) 
criteria. ἀ e most recent Kidney Disease Improving Global 
Outcomes guidelines incorporate the AKIN and the pediat-
ric-modified RIFLE criteria into three stages of AKI based on 
the increase of serum creatinine and urine output. Pediatric 
trauma patients in the ICU are at risk for several conditions 
that may predispose to AKI including volume overload, 
hypovolemia, h emorrhage, a nemia, c ardiac f ailure, s epsis, 
direct blunt or penetrating renal t rauma, toxins i ncluding 
rhabdomyolysis and myoglobinemia, contrast agents from 
diagnostic or interventional imaging studies, other medica-
tions including antibiotics, and postrenal obstruction from 
direct trauma or abdominopelvic hematomas.

Fluid o verload ( FO) h as b een r ecognized t o p lay a n 
important role in the outcome of critically ill children [68]. 
ἀ e r elationship o f F O a nd A KI i s c omplex a nd p oorly 
understood. Critically i ll patients w ith FO receiving renal 
replacement therapy (RRT) have worse morbidity and mor-
tality [69–71]. F O m ay c ontribute t o c ardiac f ailure, c ere-
bral edema, pulmonary edema, intestinal edema and ileus, 
body a nasarca e dema, i ntra-abdominal hypertension, a nd 
abdominal compartment syndrome.

Management of AKI and FO is similar and begins with 
a c omplete a ssessment of c ardiovascular a nd renal patho-
physiology i ncluding t he p hysical e xam, h emodynamic 
parameters, urine output, and serum and urine chemistries. 
Although several pharmacologic prophylactic interventions 
have b een p roposed ( fluid a dministration, b icarbonate, 
diuretics, n-acetyl c ysteine, “ renal-dose” d opamine, e tc.), 
none has been shown to prevent AKI in at risk patients [68]. 
Prevention o f F O b y c areful a ssessment o f r esuscitation 
volumes and fluid balance is paramount. A comprehensive 
approach t o d iagnosis a nd i nitial m anagement i s a dvised. 
Care should be taken to optimize intravascular fluid status 
and CO to maximize renal perfusion. Particular attention 
should b e paid to t he c omposition a nd volume of i nfused 
fluids. E lectrolyte a nd o ther m etabolic a bnormalities (i.e., 
hyperglycemia) should be identified and corrected. Potential 
offending p harmacologic a gents s hould b e r emoved w hen 
possible or dosed appropriately for diminished renal func-
tion. When FO is identified, diuretic therapy may be appro-
priate. C ontinuous d iuretic i nfusion m ay l ead t o a l ower 

dose, fewer hourly fluctuations, and less electrolyte distur-
bance [72]. Early diuretic therapy in AKI may be associated 
with improved outcomes [68]. RRT may be appropriate for 
patients who fail to respond to diuretic therapy. Some stud-
ies suggest that early RRT may improve outcome in patients 
with AKI and FO [68]. RRT encompasses a b road array of 
interventions i ncluding p eritoneal d ialysis, i ntermittent 
hemodialysis, c ontinuous h emodialysis, a nd u ltrafiltra-
tion. Continuous renal replacement strategies (CRRT) may 
be most advantageous to critically ill patients using a slow 
and s teady a pproach t o r emoving i ntravascular v olume 
and e lectrolytes t o a void h emodynamic fluctuations [ 71]. 
Pediatric patients with multiorgan dysfunction may benefit 
from CRRT [73].

Nutrition

ἀ e gastrointestinal epithelium serves as a barrier to infec-
tion, and this function is maintained through digestion and 
uptake of nutrients. Progressive atrophy and disruption of 
the i ntestinal m ucosa o ccurs d uring p eriods o f c omplete 
bowel rest and may lead to t ranslocation of enteric patho-
gens into the systemic circulation. ἀ erefore, enteral nutri-
tion may prevent sepsis f rom t hese pathogens i n critically 
ill children a nd is one of t he primary reasons why enteral 
nutrition is preferred to total parenteral nutrition (TPN) in 
patients who are unable to eat. ἀ is has been validated in a 
prospective randomized trial of patients with major abdom-
inal trauma, and data have shown that early enteral feeding 
in PICU patients is feasible, well tolerated, and cost-effective
without t he r isk o f a spiration o r a bdominal d istention 
[74,75]. Typically, a nasojejunal tube is the preferred access 
for enteral feeding, although bolus feeding through a naso-
gastric t ube i s an option. In cases where full enteric feeds 
are not well tolerated, parenteral nutrition should be insti-
tuted to meet the caloric needs of the patients. Trickle tube 
feeds may still b e used i n these patients to h elp maintain 
gut integrity. Choice of formula, additives, and feeding regi-
mens are beyond the scope of this chapter.

Conclusions

In summary, care of the ICU patient is complex with evolv-
ing practice g uidelines surrounding management of pedi-
atric trauma patients and ever-improving technologies. ἀ e 
best chance of achieving successful outcomes is through a 
multidisciplinary approach to care. Adept ICU care is capa-
ble of supporting children t hrough major t rauma and set-
ting them on the path to recovery.
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12
Nutritional support for the pediatric 
trauma patient

CRISTINE S. VELAZCO and TOM JAKSIC

Trauma i s a ccompanied b y a s et o f m etabolic a berrations 
that a re p rofound b ut p redictable. O ver 8 0 y ears a go, S ir 
David Cuthbertson described the fundamental aspects of 
this m etabolic r esponse t o i njury i n a dults [1]. A lthough 
the metabolic s equelae of t rauma i n children qualitatively 
resemble t hose o f a dults, m arked q uantitative d iἀerences 
exist.

An u nderstanding of t he metabolic e vents t hat accom-
pany trauma is the first step in nutritional support therapy. 
An individualized determination of nutrient requirements 
must be made and an appropriate route of delivery selected. 
Nutritional support of the injured child should be instituted 
promptly a nd b e d esigned t o l imit t he d eleterious c onse-
quences of structural protein loss while facilitating wound 
healing and the immune response.

Metabolic response to trauma

During t he p eriod i mmediately f ollowing s evere i njury, 
aggressive fluid, e lectrolyte, a nd b lood r eplacement a re 
often required for survival. This period is termed the “ebb 
phase” of the m etabolic response t o trauma and is c har-
acterized by a d ecrease in cardiac output and a reduction 
in m etabolic r ate. O nce t he p atient h as b een a dequately 
resuscitated, t he “ flow p hase” o f i njury i s en tered. The 
metabolic response during the flow phase is summarized 
in Figure 1 2.1 a nd c onsists o f a n i ncrease i n n et m uscle 
protein breakdown and the enhanced movement of amino 
acids t hrough t he c irculation. This p rovides t he a mino 
acids n eeded f or t he r apid s ynthesis o f p roteins f or t he 

inflammatory r esponse a nd t issue r epair. Those a mino 
acids not used for protein synthesis are channeled through 
the l iver to create g lucose f rom their carbon skeletons by 
gluconeogenesis. G lucose r equirements a re e ἀectively 
met by this mechanism. In a coupled hepatic process, the 
amino portions of the amino acids are cleaved and detoxi-
fied by the urea cycle. There is a marked rise in the circula-
tion of l iver-derived acute-phase proteins (i.e., C-reactive 
protein, fibrinogen, haptoglobin, a lpha-1 antitrypsin, and 
alpha-1 acid glycoprotein) and a c oncomitant decrease in 
liver-derived nutrient transport proteins, such as albumin 
and retinol-binding protein.

The m etabolic r esponse t o m ajor t rauma i s a ssociated 
with a consistent hormonal and cytokine profile regard-
less of t he specific pattern of i njury. Traumatized patients 
demonstrate a v ery t ransient d ecrease i n i nsulin c oncen-
trations f ollowed b y a p ersistent e levation. D espite h igher 
insulin levels, which, in theory, should promote anabolism, 
accelerated net protein breakdown continues. This may be 
explained, i n part, b y the e levated c oncentrations o f the 
catabolic hormones ( glucagon, c atecholamines, a nd c orti-
sol) f ound d uring t he p eriod o f a cute i njury. I ncreases i n 
the cytokines, interleukin-6 (IL-6) and tumor necrosis fac-
tor, b oth o f w hich a re released by a ctivated m acrophages, 
also occur. IL-6 levels are correlated with increased protein 
turnover, p rotein c atabolism a nd t he s ynthesis o f a cute 
phase proteins, and increased mortality [2,3]. IL-6 also cor-
relates with severity of injury [4]. The release of IL-2, IL-8, 
gamma interferon, and many growth factors is also known 
to a ugment t he i mmunologic a nd h ormonal r esponse t o 
injury.
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The catabolism of skeletal muscle to generate the amino 
acids needed for wound healing and to produce glucose for 
energy production is an excellent short-term adaptation in 
children; however, i t c annot be sustained for long periods 
due to the lack of body protein stores. The progressive loss 
of skeletal muscle protein leads to respiratory compromise, 
cardiac d ysfunction, i ncreased s usceptibility t o i nfection 
and, ultimately, increased mortality [5]. Hence, minimizing 
the protein loss associated with trauma is of major clinical 
importance.

Metabolic reserves

The most striking diἀerence in body composition between 
the h ealthy a dult a nd t he h ealthy c hild i s t he q uantity o f 
protein available at times of injury. As a percentage of body 
weight, the protein stores of adults are twice those of neo-
nates (Table 12.1) [6–8]. L ipid s tores a re a lso decreased i n 
children c ompared t o a dults, w hile c arbohydrate r eserves 
are constant across age g roups. Not only do neonates a nd 
children have reduced stores, but they also have much 
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higher baseline requirements. The resting energy expendi-
ture for neonates i s up to t hree t imes t hat for a dults, a nd 
protein requirements may be 3.5 times the requirement for 
adults [9]. Thus, critically i ll children are more susceptible 
to the deleterious eἀects of protracted catabolic stress. The 
prompt i nstitution o f n utritional s upport, a s s oon a s t he 
patient h as b een a dequately r esuscitated, i s p rudent. I n 
general, any child with significant trauma who will not be 
eating a dequately w ithin 3 d ays s hould b e c onsidered f or 
nutritional support.

Nutritional needs

Once a d ecision has b een m ade to commence nutritional 
support i n t he i njured c hild, a n a ccurate i ndividual-
ized d etermination o f n utrient r equirements i s n eeded. 
This assessment should include estimates of protein, total 
energy, carbohydrate, lipid, electrolyte, and micronutrient 
needs.

Protein requirements

Amino a cids a re t he k ey b uilding b locks r equired f or 
growth and tissue repair. The vast majority of amino acids 
reside i n p roteins, w ith t he r emainder b eing i n t he f ree 
amino acid pool. Proteins themselves are not static as they 
are c ontinually d egraded a nd s ynthesized i n a p rocess 
termed “protein turnover.” The reutilization of amino acids 
released from protein breakdown is extensive. Protein turn-
over contributes to protein synthesis more than twice the 
amount of amino acids derived from protein intake. In trau-
matized children, such a s t hose w ith severe burn i njuries, 
or i n i ll c hildren w ith c ardiorespiratory f ailure r equiring 
extracorporeal m embrane o xygenation ( ECMO), p rotein 
turnover is twice that of normal children [10]. Neonates can 
lose up to 15% of their lean body mass during a 7-day run 
of ECMO and may require up to 3 g/kg/day of protein [11]. 
Generally, i n s evere i llness, a mino a cids a re r edistributed 
away from skeletal muscle to injured tissues, cells involved 
in the inflammatory response, and the liver. Acutely needed 
enzymes, serum proteins, and glucose (by way of gluconeo-
genesis) are thus synthesized. A s alient advantage of high-
protein turnover is that it allows for the immediate synthesis 
of proteins needed for the inflammatory response and t is-
sue repair. The process does require energy, hence either an 
increase in resting energy expenditure or a redistribution 
of energy normally used for growth is required. A lthough 

critically i ll c hildren d emonstrate b oth a n i ncrease i n 
whole-body p rotein d egradation a nd wh ole-body s ynthe-
sis, it is the former that predominates. Thus, these patients 
manifest net negative protein balance, which clinically may 
be noted by weight loss and skeletal muscle wasting.

The catabolism of skeletal muscle to generate g lucose is 
necessary as g lucose is the preferred energy source for the 
brain, red blood cells, and renal medulla. I llness enhances 
gluconeogenesis in adults, children, and neonates. On a per 
kilogram b ody w eight b asis, g luconeogenesis s eems t o b e 
particularly e levated i n v ery s mall c hildren ( presumably 
because of their relatively large brain-to-body-weight ratio) 
[12]. I nterestingly, t he provision of d ietary g lucose i s rela-
tively ineἀective in quelling endogenous glucose production 
in the stressed state [13].

Without e limination o f t he i nciting s tress f or c atabo-
lism, the progressive loss of diaphragmatic and intercostal 
muscle, as well as cardiac muscle, may cause cardiopulmo-
nary failure. Fortunately, amino acid supplementation does 
improve protein balance. The mechanism for this change in 
ill p atients a ppears t o b e a n i ncrease i n p rotein s ynthesis 
with little change in protein degradation [14].

The a mount o f p rotein r equired t o o ptimally en hance 
protein accretion is h igher in u nwell t han in healthy chil-
dren. Infants demonstrate 25% higher protein degradation 
after surgery, 100% increase in urinary n itrogen excretion 
with bacterial s epsis, a nd 100% i ncrease i n protein break-
down i f t hey a re i ll en ough t o r equire E CMO [ 10]. The 
provision o f d ietary p rotein, w hich i s s ufficient t o o pti-
mize p rotein s ynthesis, f acilitate w ound h ealing a nd t he 
inflammatory response, and preserve skeletal muscle protein 
mass, is the single most important nutritional intervention 
in injured children. The quantity of protein (or amino acid 
solution) administered in critical illness should be 2–3 g/kg/
day for infants up to the age of 1 y ear and 1.5 g/kg/day for 
older c hildren. C ertain s everely s tressed s tates ( i.e., s evere 
burn i njury) m ay r equire a dditional p rotein s upplementa-
tion ( 2.0–2.5 g /kg/day). E xcessive p rotein a dministration 
should b e avoided b ecause toxicity, p articularly i n p atients 
with marginal renal and hepatic function, is possible. Even 
relatively well neonates fed protein allotments of 6 g /kg/day 
have developed azotemia, pyrexia, a higher incidence of stra-
bismus, and lower IQ [15,16].

Two important issues regarding the protein metabolism 
of c ritically i ll c hildren r emain t o b e e lucidated. A t p res-
ent, t here i s n o s pecific r ecommendation p ossible r egard-
ing a ny s pecial a mino a cid c omposition t hat m ay b e o f 

Table 12.1 The body composition of neonates, children, and nonobese adults as a percent of total body weight

Age Protein (%) Fat (%) Carbohydrates (%)

Neonates 11 14 0.4
Children (age 10 years) 15 17 0.4
Adults 18 19 0.4

Sources:  Forbes, G.B. and Bruining, G.J., Am J Clin Nutr. 29, 1359–66, 1976; Fomon, S.J. et al., Am J Clin Nutr. 35, 1169–75, 1982; Munro, 
H.N., Fed Proc. 37, 2281–82, 1978.
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specific b enefit t o s everely i njured c hildren [17]. The u se 
of en teral g lutamine s upplementation ( with a nd w ithout 
other “ immune-enhancing” n utrients, s uch a s a rginine, 
omega-3 fatty acids, a nd nucleotides) has been u sed i n a n 
eἀort to limit septic complications associated with trauma; 
however, this approach remains investigational and further 
larger-scale studies are needed [18–20].

Similarly, q uelling t he extreme p rotein c atabolism 
found in children with major injuries utilizing hormonal 
modulation, p articularly insulin administration, is also 
being a ctively i nvestigated [ 21]. T ight g lucose c ontrol 
using a ggressive i nsulin t herapy h as b een c ontroversial 
in a dults. I nitial p rospective s tudies s howed p romising 
results with reducing morbidity and mortality with strict 
glucose c ontrol b etween 8 0 a nd 1 10 m g/dL [ 22]. M ore 
recent l arge-scale s tudies h ave s uggested c onventional 
blood glucose control (180 mg or less per deciliter) results 
in l ower m ortality, a s w ell a s s ignificantly l ess-severe 
hypoglycemia [ 23]. I n t he p ediatric i ntensive c are u nit, 
tight glycemic control has shown no significant eἀect on 
outcomes w ith h igher r ates of hypoglycemia s een i n t he 
tight g lucose control g roup compared w ith conventional 
control [ 24]. A n e arlier s tudy s howed s imilar r esults 
regarding o utcomes, h owever, w ithout s ignificantly 
higher rates of hypoglycemia likely due to the use of con-
tinuous glucose monitoring [25].

Energy requirements

A c areful a ppraisal o f en ergy r equirements i n c ritically 
ill c hildren i s r equired a s b oth t oo m uch a nd t oo l ittle 
energy may have potentially deleterious consequences. 
Inadequate caloric intake will result in poor protein reten-
tion, e specially i f p rotein a dministration i s m arginal. I n 
contradistinction, t he provision of excess g lucose calories 
in c ritically i ll p atients r esults i n i ncreased c arbon d iox-
ide (CO2) production rates (hence exacerbating ventilatory 
failure) and a p ossible paradoxical increase in net protein 
degradation [17,26].

The severity and duration of the illness or injury governs 
the energy needs of critically ill patients. Recent data sug-
gest that energy needs are far less than previously thought 
for most types of trauma. The resting energy e xpenditure 
in the flow phase of injury is increased by 50% in children 
with s evere b urns. H owever, i t r eturns t o n ormal d uring 
convalescence t hough t his may be a p rotracted process i n 
some p ediatric p atients [27,28]. I f i llness i ncreases w ork 
of breathing, such as in neonates w ith bronchopulmonary 
dysplasia, a persistent elevation in energy expenditure up to 
25% over expected values is evident [29]. Newborns under-
going major operations have only a t ransient 20% increase 
in energy expenditure that returns to baseline levels within 
12 h ours a nd r emains a t b aseline u nless m ajor c omplica-
tions d evelop [30,31]. A dequate a nesthetic a nd a nalgesic 
management a lso p lays a s ignificant r ole i n m uting t he 
stress response, as evidenced by neonates undergoing patent 

ductus arteriosus (PDA) l igation who do not manifest any 
discernable increase in resting energy expenditure postop-
eratively w ith fentanyl a nesthesia a nd subsequent i ntrave-
nous analgesia [32]. Adult intensive-care unit patients a lso 
do not have an elevation of resting energy expenditure over 
expected values [33]. Head injury produces a variable ele-
vation in resting energy expenditure, presumably due to a 
marked r ise i n c irculating c atecholamines. A gain patients 
who are sedated, in phenobarbitol coma, or have been given 
neuromuscular r elaxants m anifest n o s uch e levation i n 
energy expenditure [34].

Total energy requirements include resting energy expen-
diture, energy needed for physical activity, and diet-induced 
thermogenesis. R esting en ergy e xpenditure i tself i ncludes 
the c aloric requirement for g rowth. A lthough critically i ll 
children h ave i ncreased p rotein t urnover, t heir g rowth i s 
often halted during extreme physiologic stress. Additionally, 
levels of physical activity are typically low following severe 
injury. The mean energy expenditures of critically i ll neo-
nates on ECMO were found to be nearly identical to age- 
and d iet-matched, nonstressed controls [35]. The critically 
ill cohort did, however, have a g reater variability in energy 
expenditure [35]. Further, a s urfeit of c alories i n c ritically 
ill n eonates d oes n ot necessarily r esult in i mproved pro-
tein accretion [17]. Thus, for practical purposes the recom-
mended dietary caloric intake for healthy children aἀords a 
reasonable starting point for critically injured patients [36]. 
Table 12.2 outlines safe caloric provisions for injured chil-
dren at various ages. Enterally fed, traumatized children, as 
a r ule, require a f urther 10% i ncrement i n c alories due to 
obligate malabsorption. In any injured child with protracted 
illness t he a ctual m easurement o f r esting en ergy e xpen-
diture, by portable indirect calorimetry, is advised due to 
the high interindividual variability in energy expenditure. 
Predictive equations used in conjunction with stress factors 
to account for degree of illness have been shown to be inac-
curate i n d etermining i ndividual en ergy e xpenditures i n 
intensive-care unit patients and are not recommended [33].

Once p rotein n eeds h ave b een m et, b oth c arbohydrate 
and lipid energy s ources have similar beneficial eἀects on 
net p rotein s ynthesis i n i ll p atients [37]. A r ational p arti-
tioning o f t hese en ergy-yielding s ubstrates i s p redicated 
upon t he k nowledge o f c arbohydrate a nd l ipid u tilization 
in trauma.

Table 12.2 Estimated energy requirements for neonates, 
children, and nonobese adolescents

Age (year)
Estimated energy requirement 

(kcal/kg/day)

0–4 100
4–6  90
6–8  80
8–10  70
10–12  60
12–18  50
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Carbohydrate requirements

Glucose production a nd availability i s a p riority i n i ll chil-
dren. Injured and septic adults have a t hreefold increase in 
glucose turnover and oxidation and an elevation in gluconeo-
genesis [38,39]. An important feature of the metabolic stress 
response is that the provision of dietary glucose does not halt 
gluconeogenesis; consequently, the catabolism of muscle pro-
teins continues [13]. It is clear, however, that a combination of 
glucose and amino acids eἀectively improves protein balance 
in illness primarily by augmenting protein synthesis [40].

In e arly n utritional s upport r egimens f or s urgical 
patients, g lucose a nd a mino acid formulations w ith m ini-
mal lipid (the minimum needed to obviate fatty acid defi-
ciency) w ere o ften u tilized. E nergy a llotments w ell o ver 
normal dietary requirements were also often given. The 
excess glucose was converted to fat, resulting in a net gen-
eration of CO2. The synthesis of fat from glucose has a respi-
ratory quotient (RQ), defined as the ratio of CO2 produced 
to O2 consumed, of about 8.7. In clinical situations, this high 
RQ is not attained, as glucose is never purely used for fatty 
acid synthesis. Nonetheless, the provision of excess glucose 
results in an elevated RQ increasing CO2 production and 
the ventilatory burden for the child. The mean RQ in post-
surgical neonates fed a h igh g lucose d iet i s approximately 
1.0, w hile c omparable n eonates f ed w ith l ess g lucose, a nd 
lipids at 4.0 g/kg/day, have an RQ of 0.83 [37]. In contrast to 
glucose metabolism, excess l ipids a re merely s tored a s t ri-
glycerides and do not result in an augmentation of CO2 pro-
duction. U tilizing h igh g lucose t otal p arenteral n utrition 
(PN), hypermetabolic adult patients fed excess caloric allot-
ments have a 30% increase in CO2 consumption, a 57% rise 
in CO2 production, and 71% elevation in minute ventilation 
[26]. Thus, avoidance of overfeeding and the utilization of a 
mixed fuel system of nutrition employing both glucose and 
lipids to yield energy is theoretically and practically useful 
in s tressed p atients, m any o f w hom a lso h ave r espiratory 
failure. Such an approach also often obviates problems with 
hyperglycemia in the relatively insulin-resistant ill child.

Lipid requirements

Lipid m etabolism, l ike p rotein a nd c arbohydrate m etabo-
lism, i s g enerally a ccelerated b y i llness a nd t rauma [ 41]. 
Initially, d uring t he b rief e bb p hase f ollowing t rauma o r 
in early septic shock, lipid utilization is compromised, and 
triglyceride l evels r ise a s t he m etabolism o f i ntravenously 
administered l ipids f alls. I n t he flow p hase o f t he i njury 
response, a dult p atients d emonstrate l ipid t urnover r ates 
that are t wo- t o fourfold h igher than comparable c on-
trols and proportionate to the degree of injury [41,42]. The 
increased lipid turnover after injury involves the cycling of 
free fatty acids a nd g lycerol i nto t he synthesis a nd hydro-
lysis o f t riglycerides. B oth m etabolic p rocesses r esult i n a 
stream of substrates through the plasma pool t hat may be 
reflected in a modest elevation in the resting metabolic rate. 
Approximately 3 0%–40% o f t he r eleased f atty a cids a re 

oxidized for energy, which results in RQ values postinjury 
in the vicinity of 0.8. This suggests that free fatty acids are, 
in fact, the prime source of energy in trauma patients. When 
subjected to uncomplicated abdominal surgery, infants and 
children h ave a r eduction i n R Q a nd a d ecline i n p lasma 
triglycerides, implying an increased oxidation of f ree fatty 
acids [43]. The g lycerol, r eleased a long w ith t he f ree f atty 
acids f rom t riglycerides, m ay b e c onverted t o py ruvate 
that i s t hen utilized a s a g lucose precursor. A s w ith other 
catabolic processes in i llness and t rauma, t he provision of 
dietary g lucose d oes n ot d ecrease g lycerol c learance n or 
diminish lipid recycling.

Normal ketone body metabolism is markedly altered by 
severe i njury. Acetyl c oenzyme A ( CoA) i s t he product of 
incomplete fatty acid and pyruvate oxidation, which through 
a c ondensation r eaction w ithin t he h epatocyte f orms t he 
ketone b odies a cetoacetate a nd B-hydroxybutyrate. I n 
starved h ealthy s ubjects, a m ajor a daptation t o p reserve 
skeletal muscle mass is the use of ketone bodies generated 
by t he l iver a s a n energy source for t he brain (which can-
not directly oxidize free fatty acids); however, in the 3-day 
period that follows a trauma, there is a negligible elevation in 
serum ketone body levels when compared to healthy fasting 
subjects [44]. This observation may be understood in light of 
serum insulin levels, as ketogenesis is inhibited by even low 
concentrations of t he hormone, a p henomenon e vident to 
physicians in the absence of ketotic problems in type II dia-
betes. Hence, the high insulin concentrations seen in severe 
injury ablate the ketotic adaptation to starvation.

The energy needs of the injured patient are met largely by 
the mobilization and oxidation of free fatty acids; however, 
ill children have limited lipid stores. Thus, they may evolve 
biochemical essential fatty acid deficiency within one week 
if administered a fat-free diet [45,46]. In infants, linoleic acid 
and linolenic acid are considered essential, with arachidonic 
acid and docosahexaenoic acid possibly conditionally essen-
tial. W hen t here i s a l ack o f d ietary l inoleic a cid, t he for-
mation of arachidonic acid (a tetraene) by desaturation and 
chain elongation cannot occur; the same pathway entrains 
available oleic acid to form 5,8,11-eicosatrienoic acid (a tri-
ene). A triene-to-tetraene ratio of greater than 0.05 suggests 
mild essential fatty acid deficiency, greater than 0.20 defines 
moderate e ssential f atty acid deficiency. Typically essen-
tial fatty acid deficiency is not clinically apparent until the 
triene-to-tetraene ratio is greater than 0.4 with severe defi-
ciency [47–49]. The clinical syndrome consists of dermati-
tis, a lopecia, t hrombocytopenia, susceptibility to bacterial 
infection, and failure to thrive [45,46]. To obviate essential 
fatty a cid d eficiency i n i njured c hildren, a s ufficient a llot-
ment of linoleic acid and linolenic acid is recommended.

The parenteral provision of commercially available lipid 
solutions t o t raumatized c hildren p revents e ssential f atty 
acid deficiency and results in improved protein utilization 
without s ignificantly i ncreasing c arbon d ioxide p roduc-
tion or metabolic rate [50]. These advantages are balanced 
by some potential risks of excess administration: hypertri-
glyceridemia, i ncreased i nfections, a nd decreased a lveolar 



142 Nutritional support for the pediatric trauma patient

oxygen d iἀusion c apacity [ 40–42,51–53]. A lthough t he 
evidence is far from conclusive, the possible adverse eἀects 
of lipid administration have resulted in most centers start-
ing l ipid supplementation in i ll children at 0.5 gm/kg/day, 
and advancing over a period of days to 2–3 g/kg/day, while 
closely monitoring triglyceride levels. Lipid administration 
is u sually r estricted t o a m aximum o f 3 0%–40% o f t otal 
calories, a lthough t his p ractice h as n ot b een v alidated b y 
clinical trials. As a r esult of long-term PN, cholestasis and 
PN-associated liver disease can develop, leading to cirrhosis 
and l iver f ailure [54,55]. Patients w ith PN-associated l iver 
disease may benefit from an even lower dose of soy or fish 
oil–based lipid formulas [47,56–59].

Electrolyte requirements

Electrolyte requirements (Na+, K+, Cl−, HC O3
−, Ca2+) must 

be e valuated f requently i n t he c ritically i njured p atient. 
Simultaneous s erum a nd u rine e lectrolyte d eterminations 
often yield information regarding the renal conservation of 
particular salts. In addition to routine electrolyte monitor-
ing, careful attention to phosphate and magnesium levels is 
needed, as hypophosphatemia may lead to thrombocytope-
nia and respiratory muscle dysfunction, while magnesium 
deficiency c an c ause c ardiac a rrhythmias. R enal f ailure 
will r esult i n t he r etention o f p hosphate, s o n utritional 
allotments must b e r educed a ccordingly. Frequently, h ead 
injured p atients h ave a n i atrogenically i nduced r espira-
tory alkalosis. If a metabolic alkalosis is also present due to 
active diuresis or gastric suction, Cl administration should 
be used to correct the alkalosis. Alkalemia tends to inhibit 
respiratory eἀort, drive potassium into cells, and decrease 
ionized c alcium b y i ncreasing t he a ffinity o f a lbumin f or 
calcium. M etabolic a cidosis i s s ometimes p resent i n t rau-
matized c hildren w ith h ypotension o r i schemic i njuries. 
The p rovision o f a cetate i nstead o f C l i n t he P N s olution 
may combat this metabolic problem. The provision of excess 
acetate at 1 meq/kg over 24 hours is usually a safe adjunct to 
other measures to limit metabolic acidosis.

Vitamin and trace mineral requirements

Vitamin a nd t race m ineral m etabolism i n i njured p ediat-
ric patients has not been well studied. For the neonate and 
child, the fat-soluble vitamins A, D, E, and K, as well as the 
water-soluble v itamins a scorbic a cid, t hiamine, r iboflavin, 
pyridoxine, niacin, pantothenate, biotin, folate, and vitamin 
B12, a re a ll r equired a nd a re r outinely a dministered. S ince 
vitamins are not stoichiometrically consumed in biochemi-
cal reactions but rather act as catalysts, the administration of 
large supplements of vitamins in stressed states is not logical.

The trace minerals that are required for normal develop-
ment a re z inc, i ron, c opper, s elenium, m anganese, iodide, 
molybdenum, a nd chromium. Trace minerals are usually 
used in the synthesis of the active sites of a ubiquitous and 
extraordinarily i mportant c lass o f en zymes c alled m etal-
loenzymes. Like vitamins, metalloenzymes act as catalysts. 

Hence, u nless t here a re e xcessive losses such a s en hanced 
zinc l oss w ith s evere d iarrhea, l arge n utritional r equire-
ments would not be anticipated in illness. The vitamin and 
trace m ineral n eeds o f h ealthy c hildren a nd n eonates a re 
well defined in the literature [36]. These requirements have 
been used in traumatized patients, and little evidence exists 
that t hey a re n utritionally i nadequate. I n c hildren w ith 
severe h epatic f ailure, c opper a nd m anganese a ccumula-
tion occurs; thus, parenteral trace mineral supplementation 
should be limited to once per week.

The pharmacologic u se o f vitamins and t race m inerals 
in pediatric illness is controversial. Reviews of both vitamin 
and t race m ineral toxicity c learly demonstrate t hat e xces-
sive dosage is a health risk [60,61].

Routes of nutrient provision

In the traumatized child, the enteral route of nutrient pro-
vision i s p referable t o t he p arenteral r oute w henever t he 
gastrointestinal t ract i s f unctional. E nteral n utrition i s 
physiologic, s afer, a nd c heaper [ 62]. I f t here i s a c oncern 
regarding a spiration, t he u se o f p ostpyloric f eeding t ubes 
placed at the bedside or by interventional radiology is a very 
useful adjunct to the nutritional management of the injured 
child. C ontinuous feedings u sing s tandard 1 k cal/mL for-
mulas c an a dequately n ourish t he m ajority o f p atients. 
Carefully controlling the enteral infusion rate and avoiding 
bolus feeding until tolerance is established usually obviate 
diarrhea. If diarrhea persists, stool cultures are sent for rou-
tine pathogens and Clostridium difficile toxin. At t he t ime 
of extubation, feeds are held for a period of 6–12 hours. It is 
also our policy not to feed patients enterally who are hypo-
tensive o r h ave e vidence o f b owel o bstruction i n o rder t o 
limit the risk of spontaneous small bowel necrosis associ-
ated with rapid enteral feeding [63].

If the gastrointestinal tract is not functional, and PN is 
necessary, c entral venous access i s sought so t hat concen-
trated s olutions t hat o bviate fluid o verload c an b e s afely 
administered. C entral a ccess m ay b e o btained u sing p er-
cutaneously placed intravenous lines that are threaded cen-
trally (peripherally inserted central catheters) or by directly 
accessing major veins via Seldinger technique or cut down 
[64]. Gr oin l ines a re n ot f avored f or n utritional t herapy 
because of their propensity for infection. Once gastrointes-
tinal activity has been reestablished, the patient can usually 
be converted to enteral nutrition within a 2- t o 3-day time 
period.

A protocolized approach to feeding leads to early nutri-
tion and can reduce prevalence of acquired infections [65]. 
It is important to focus on the delivery of prescribed enteral 
nutrition. Barriers to enteral nutrition intake, such as fluid 
restriction, g astrointestinal i ntolerance, a nd i nterruptions 
of f eeds f or p rocedures, c an l ead t o i nadequate n utrition 
in critically ill children [66]. Duration of interruptions is a 
predicator for inadequate delivery [67]. Additionally, enteral 
nutrition intake is associated with lower mortality than 
with PN.
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Pediatric vascular trauma
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Introduction

It i s e stimated t hat v ascular i njuries o ccur i n 0 .6%–1% 
of pediatric trauma patients [1]. The contribution of  vascular 
trauma to death and disability is not known. In contrast to 
adult v ascular i njuries, m inimal  established  evidence f or 
the m anagement o f p ediatric  vascular i njury  exists. The 
majority of i nformation available i s based on c ase reports 
and small retrospective case series.

The o verall p revalence o f b lunt t o p enetrating v ascu-
lar injury is higher in children than in adults. While the 
reported incidence of blunt vascular injuries in children is 
28%–35% [2,3], in adults only 6.8% of 5760 cardiovascular 
injuries were due to blunt t rauma in a 3 0-year series [4]. 
Penetrating vascular injuries are more common in adults, 
likely due to t he h igher i ncidence o f firearm i njuries. I n 
a retrospective review of the National Trauma Databank 
from 2 001 t o 2 006, B armparas e t a l. r eported t hat t he 
most c ommon v ascular i njuries i n a dults w ere p en-
etrating c hest a nd a bdominal v ascular i njuries, w hereas 
upper e xtremity v ascular i njuries ( both b lunt a nd p en-
etrating) w ere t he m ost c ommon i n p ediatric p atients 
[5]. A detailed d istribution o f p ediatric v ascular t rauma 
using d ata b y B armparas a nd K linkner c an b e s een i n 

Figure 13.1. The four most common mechanisms of injury 
for both children and adults who sustained vascular inju-
ries w ere m otor v ehicle c ollisions, g un-related i njuries, 
stab w ounds, a nd f alls. C hildren w ere n oted t o h ave a  
lower mean Injury Severity Score than adults (16.8 ver-
sus 26.3). Children spent a s horter t ime in the intensive-
care unit and the hospital, likely related to their decreased 
injury burden. Barmparas et al. demonstrated no signifi-
cant difference in the amputation rates between children 
and adults. Furthermore, the overall mortality was lower 
in t he pediatric population t han i n t he adult population 
(13.2% versus 23.2%).

Much o f t he a vailable d ata r egarding p ediatric t rauma 
are d erived f rom w artime e xperiences, p articularly f rom 
Iraq and Afghanistan. The U.S. military medical forces pro-
vide care to all individuals regardless of nationality or age. 
As a r esult, the U.S. military hospitals cared for over 6000 
children f rom 2 002 t o 2 012 [6]. I n a r etrospective r eview 
by Villamaria et al. [6], the incidence of vascular injury in 
the p ediatric p opulation d uring t he a forementioned t ime 
span w as 3 .5%. A mong a ll i njury p atterns i n c hildren, 
penetrating injury to the torso was the most lethal, with a 
fourfold risk of death. When there are concomitant arterial 
and venous injuries, Dua et al. recommended the repair of 
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venous i njuries i f t ime p ermits, a s t his f acilitates a rterial 
repair p atency a nd p revents p ostoperative c ompartment 
syndrome [7].

Special considerations of vascular injuries 
in pediatric patients

Diagnosis of vascular injury in children is technically more 
difficult t han i n a dults. P ediatric v essels a re s ignificantly 
smaller t han t hose o f t he a dult p opulation. F urthermore, 
injury t o p ediatric v essels r esults i n a p ronounced v aso-
spasm, s o i t c an b e d ifficult t o a ssess w hether t here i s a n 
injury t hat r equires r epair [ 8,9]. The i ncidence o f v aso-
spasm i n p eripheral a rterial i njuries h as b een r eported 
to b e a s h igh a s 2 6% i n p ediatric p atients [10]. I n t heory, 
arterial s pasm resolves w ithin 4 –6 hours a fter i njury [11]. 
Nontraumatic a cute l imb i schemia d ue t o v asospasm i n 
neonates is generally treated conservatively through the use 
of heparin anticoagulation and/or systemic thrombolytic 
therapy. U nfortunately, t he u se o f a nticoagulants i s o ften 
contraindicated in the setting of trauma.

Diagnostic modalities

“Soft” and “hard” signs of vascular injury aid the clinician 
in d etermining w hich i njuries r equire em ergent o perative 
repair v ersus t hose t hat r equire f urther e valuation w ith 
imaging [12]. “ Hard” s igns a re l ess f requent a nd i nclude 
hemorrhage, rapidly expanding hematoma, loss of periph-
eral p ulses, a nd a p alpable t hrill o r a udible b ruit. These 
patients re quire op erative e xploration a nd re pair, u sually 
without imaging. “Soft” signs predict an occult arterial 
injury in up to 25% of adults and benefit f rom more thor-
ough evaluation and imaging. These include a nonpulsatile 
hematoma, decreased pulses or pressure index, neurological 
deficit, u nexplained a nemia or hypotension, a nd i njury i n 
close proximity to major vascular structures.

When t here a re Doppler s ignals a nd no obvious s igns 
of a vascular injury, the ankle-brachial index (ABI) can be 

used to assess and monitor the extent of vascular injury in 
the e xtremity [13]. The m easurement o f A BI c an a lso b e 
referred to as the injured extremity index (IEI). A systolic 
blood pressure is measured over the brachial, tibialis pos-
terior, and dorsalis pedis arteries. The blood pressure cuff 
is placed distal to the site of injury. If the brachial artery is 
affected, the higher value of the radial or ulnar artery may 
be u sed. I t i s o f p aramount i mportance t hat t he p roper 
sized b lood p ressure c uff is u tilized w hen p erforming 
these measurements. The cuff must be long enough to gen-
tly encircle the entire arm and wide enough to cover 75% 
of the length of the upper arm. The same cuff is then used 
above the malleoli at the ankle. The higher value between 
the t ibialis p osterior a nd t he d orsalis p edis i s t aken f or 
each ankle. This value is then divided by the higher of the 
two brachial pressures (Figure 13.2). B ecause i t r elies on 
the comparison of two extremities, only one extremity can 
be a ffected. I n a dults a nd o lder c hildren, a n ormal A BI 
(>0.9) can reliably rule out a vascular injury with a 100% 
specificity in excluding lower extremity arterial injury [14]. 
Most s urgeons r ecommend o bserving t hese p atients a nd 
repeating a delayed ABI to ensure that there has not been a 
delayed change from an acute thrombus or a pseudoaneu-
rysm due to i njury. A lternatively patients w ith abnormal 
ABIs may undergo further evaluation with other imaging 
modalities.

According t o K atz e t a l. [ 13], n ormal A BI v alues o f 
newborns, i nfants, a nd t oddlers a re l ower t han t hose o f 
older children and adults. Normal ABI for patients 2 years 
of a ge o r y ounger i s 0 .88 ± 0 .11. This i s l ikely r elated t o 
the alteration of blood flow to the lower extremity during 
ambulation. In addition, it can be technically challenging 
to obtain an accurate ABI in younger children, due to the 
pain o f i nflating t he b lood p ressure c uff on t he i njured 
extremity. A BIs should t herefore be i nterpreted w ith t he 
understanding t hat a s lightly l ower A BI m ay, i n f act, b e  
falsely lower.

Should the patient continue to have diminished circula-
tion following resuscitation, or if the ABI is unreliable and 
vascular i njury i s suspected, f urther localizing s tudies a re 
warranted such as a c omputed tomography (CT) scan, CT 
angiography (CTA), a nd angiography. Radiation exposure 
is c umulative i n t he p ediatric p opulation [ 15]. The r isks 
per unit effective dose associated with radiation are higher 
during childhood than later in life. In addition, the pediat-
ric patient absorbs 3–10-fold more radiation than an adult 
patient [15,16]. While CT scans can provide vital informa-
tion, s elective s canning i s v ital w hen c aring f or t he p edi-
atric population. In order to avoid u nnecessary C T scans, 
screening g uidelines i ncluding X -ray a nd u ltrasound a re 
now being explored. For example, the CT scan is excellent 
at d iagnosing a ortic i njury [17]. Yet a n ormal c hest X-ray 
(CXR) can also rule out aortic injury, making the argument 
that a CT scan is unnecessary in a high-speed deceleration 
injury with a normal CXR.

Conventional angiography is the gold standard diagnos-
tic modality for v ascular i njury, but i t i s i nvasive a nd h as 
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higher morbidity i n younger children, a s d iscussed i n t he 
next section, Endovascular technologies in children. Recent 
studies h ave d emonstrated t hat C TA h as t he s ame 1 00% 
sensitivity a nd s pecificity a s a ngiography, m aking i t a n 
acceptable a lternative to conventional angiography [18,19]. 
CTA is noninvasive, fast, and reproducible. It allows for one 
to evaluate nearby structures in three dimensions [20]. The 
radiation associated with a CTA is approximately 3–6 mSv 
[8]. Many pediatric hospitals have imaging services utiliz-
ing dose reduction technology resulting in radiation expo-
sure of 1–3 mSv per CTA. Unfortunately, children may have 
difficulty w ith breath-holding, w hich is required for opti-
mal image acquisition. Moreover, iodinated contrast is con-
traindicated in the setting of renal insufficiency.

While i t a voids r adiation a nd c ontrast e xposure, m ag-
netic r esonance i maging ( MRI) n ecessitates l onger s can 
time, need f or sedation, and h as d ecreased a vailability, 
making it a less acceptable option for acute trauma patients. 
Furthermore, m agnetic re sonance a ngiography i s not  re c-
ommended i n c hildren w ith r enal f ailure a s i t c an c ause 
potentially fatal nephrogenic systemic fibrosis [21].

Endovascular technologies in children

Limited use of angiography is endorsed to prevent iatrogenic 
arterial injury. Angiography is recommended when injury 
is q uestionable o r w hen i t i s n ecessary f or s urgical p lan-
ning [22]. W hile t he mainstay of contrast i s iodine based, 
carbon d ioxide m ay a lso b e u sed. L ow-osmolar c ontrast 
measuring 300–350 mg iodine per milliliter is used during 
pediatric a ngiography [19,21]. N eonates s hould r eceive n o 
more than 4–5 mL/kg of contrast, whereas children should 
not exceed 6–8 mL/kg. Adult injection parameters may be 
used for children weighing more than 50 kg. The injection 
parameters f or c hildren l ess t han 5 0 k g s hould b e h alf o f 
those for t he adult. For patients weighing less t han 15 k g, 
hand injection of contrast is highly recommended in order 
to prevent exceeding t he m aximum dose. Following suc-
cessful arterial access, 75–100 U/kg of intravenous heparin 
is recommended for children weighing less than 15 kg in 
order to prevent femoral artery thrombosis. Reversal of sys-
temic anticoagulation with intravenous protamine sulfate is 
rarely needed [21]. Nitroglycerin can be administered intra-
arterially at 1–2 µg/kg prior to crossing an area of stenosis 
or before an intervention to prevent arterial spasm. Relative 
contraindications to contrast angiography include contrast 
allergy, coagulopathy, severe congestive heart failure, renal 
failure, hom ocystinuria, p heochromocytoma, a nd a ctive 
vasculitis. In i ndividuals allergic to iodinated contrast 
material, c arbon d ioxide c an b e u sed. The u se o f c arbon 
dioxide angiography is limited to below the diaphragm. The 
gas u ndergoes a first-pass e xcretion i n t he lungs. There i s 

no maximum dose in children. The gas will displace blood 
and a llow t he v essel t o b e i maged. Ha nd i njection i s r ec-
ommended. Intravenous glucagon can be used during both 
contrast and carbon dioxide angiography to decrease sub-
traction artifact caused by peristalsis. The utility of carbon 
dioxide in trauma i s unknown. Gi ven the i nvasiveness of 
angiography, F ayiga e t a l. r ecommend o perative e xplora-
tion without preoperative angiography when arterial injury 
is suspected in children less than 5 years of age [2]. Pediatric 
vessels are more superficial and straight than adult vessels 
[21]. Their small vessel size places them at an increased risk 
of vessel injury during angiography [2,7].

Although conventional open surgical repair is the stan-
dard of treatment for most vascular injuries, the use of endo-
vascular techniques has gained increasing popularity. The 
incidence of endovascular intervention for arterial trauma in 
the adult setting increased from 2.4% to 8.1% between 2000 
and 2003 according to the National Trauma Databank [23]. 
Interestingly, an equal proportion of blunt and penetrating 
injury was present. Furthermore, the use of stents increased 
from 12 in 2000 to 30 in 2003. Reuben et a l. [23] reported 
that p atients u ndergoing en dovascular r epair w ere m ore 
stable on presentation and their number of associated inju-
ries was less than patients undergoing open repair. Overall, 
patients undergoing endovascular repair had shorter length 
of stay and improved survival. Of note, patients with torso 
arterial i njury t reated endovascularly had a 5 0% reduction 
in death relative to those treated with open techniques. An 
endovascular a pproach c an n ot o nly f acilitate t he d iagno-
sis a nd t reatment o f a v ascular i njury b ut a lso t emporize 
patients, serving as a bridge to future elective procedures in 
the critically ill patient. One of the earliest uses of an endo-
graft in v ascular t rauma w as d escribed by P arodi e t a l. i n 
1992 [24]. An adult patient sustained a gunshot wound that 
ultimately resulted in a high output subclavian arteriovenous 
fistula. Treatment was performed under local anesthesia via 
right brachial access with placement of a custom-made cov-
ered Palmaz s tent. C onceivably, a ny vessel i njury could b e 
treated en dovascularly, e specially i f o ne i ncludes b alloon 
occlusion. Currently, the use of endovascular technologies is 
limited by available device sizes and local expertise.

Ultrasound-assisted a rterial a ccess l essens p uncture-
site c omplications b y d ecreasing t he n umber o f a ccess 
attempts [21]. Surgical access may be necessary particularly 
when larger devices are used. Of note, the umbilical artery 
can a ccommodate a l arger c atheter a nd s pares p eripheral 
access-site complications. The umbilical artery is patent and 
can be used as an access site up to 5 days after birth. Should 
the umbilical artery not be accessible, infrainguinal vascu-
lar access is recommended. Failed attempts at arterial access 
require pressure. Small gauge needles require 1–2 minutes 

Highest ankle pressure (either the dosalis pedis or posterior tibial)

Highest brachial artery pressure
= Ankle Brachial Index (ABI)

Figure 13.2 Formula for the ankle-brachial index.
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of d irect pressure w hile l arge gauged needles m ay require 
5 minutes. Catheter size is determined b y weight [ 25]. 
Three-French catheters are recommended for patients less 
than 10 kg, while 4-French catheters are recommended for 
children over 10 kg [21]. The formation of a thrombus fol-
lowing arteriography is multifactorial. Children <15 kg are 
at s ignificantly h igher r isk o f t hrombosis f ormation. O ne 
contributing factor is vascular spasm. Vascular spasm is 
caused by smooth muscle contraction in the artery’s media 
secondary to trauma or intimal damage. The predominant 
variable i nfluencing v asospasm a nd s ubsequent t hrombo-
sis i s c atheter s ize. Relative c atheter-to-artery s ize i s most 
strongly r elated t o v asospasm. A s a r esult, i t i s o f u tmost 
importance t hat t he s mallest c atheter p ossible s hould b e 
used. If arterial thrombosis occurs, the affected limb is to be 
kept warm. If distal pulses do not return, systemic heparin-
ization i s recommended for at least 24 hours. Fortunately, 
children c an f orm e xtensive c ollateral n etworks a nd t he 
risk o f c laudication o r l imb d iscrepancy i s l ess t han 1 0% 
in patients with persistent asymptomatic common femoral 
artery occlusion. Contra-indications to endovascular treat-
ment for arterial trauma include uncontrolled hemorrhage, 
critical l imb i schemia, e xcessive luminal d iscrepancy, a nd 
inability t o t raverse t he l esion w ith a w ire [26]. There a re 
limited data regarding the use of access closure devices for 
pediatric a rteriography, w ith t he authors avoiding c losure 
devices. I f t he arteriotomy cannot be closed w ith pressure 
alone, then it is the authors’ preference to perform an open 
exposure with direct repair of the arteriotomy.

Children are at higher risk than adults for procedure- and 
systemic-related complications for a rteriography (7%–10% 
versus 1%) [21]. Puncture-site complications include hema-
toma f ormation, d issection, t hrombosis, o cclusion, a nd 
arteriovenous fistula formation. The risk of thrombosis for-
mation is estimated between 8% and 16%. Low groin vascu-
lar access is a risk factor for arteriovenous fistula formation 
as the risk of accessing both the artery and vein is increased 
lower in the leg. The risk of arteriovenous fistula and pseu-
doaneurysm formation is approximately 0.3% in the pedi-
atric p opulation. S ystemic c omplications o f e ndovascular 
therapy i nclude n eed f or s edation o r g eneral a nesthesia, 
hypothermia, a nd h ypoglycemia. W hile en dovascular 
therapy has many advantages, many implants, particularly 
endografts, r equire o ngoing s urveillance f or c omplica-
tions. Endografts can migrate or develop endoleaks. While 
the most c ommon c ause of p seudoaneurysm formation i s 
traumatic, other causes include infection and stent frac-
ture [23,27]. Long-term durability and in-stent stenosis are 
unknown.

Similarly t o a dults, c hildren c an h ave d ifferent r eac-
tion t o c ontrast m aterial i ncluding a llergic r eaction a nd 
 contrast-induced ne phropathy. The r isk o f a llergic re ac-
tions to contrast material in children is less common than 
in a dults [ 21]. The i ncidence o f c ontrast a llergy i n c hil-
dren i s e stimated at 0 .18%. C hildren w ith a sthma a re five 
times more l ikely t o h ave an a llergic reaction. R eactions 
are dose independent, unpredictable, and include pruritus, 

angioedema, b ronchospasm, a nd s hock. C onsequently, 
there is no benefit to administering a t est dose. The risk of 
contrast-induced nephropathy in children ranges between 
7% and 25%. Risk factors include decreased effective arterial 
volume, c ongestive h eart f ailure, d iabetes, n ephrotic s yn-
drome, and cirrhosis. The risk of contrast-induced nephrop-
athy c an b e s ignificantly d ecreased b y u sing l ow-osmolar 
contrast m edium. P reprocedural h ydration i s i mportant. 
At t he a uthors’ i nstitution, s odium b icarbonate i nfusions 
are performed, extrapolating weight-based i nfusions f rom 
adult experiences.

Vascular anastomoses

As m entioned p reviously, c hildren have s mall v essels a nd 
are prone t o v asospasm. The use o f intra-arterial d ilators 
such as papaverine and nitroglycerin may be helpful [7,22]. 
Papaverine c an b e i njected i nto t he a dventitia o r a pplied 
topically. A t the time of i njury, m ost c hildren have n ot 
reached t heir m aximal g rowth p otential. This, t herefore, 
adds a n a dditional l evel o f c omplexity f or t he s urgeon. 
While many techniques have been described, the most rec-
ommended method of repair involves generous spatulation 
of anastomosis and the use of an interrupted nonabsorbable 
6-0 t o 8 -0 monofilament s uture [3,28]. C ontinuous repair 
leads to vessel narrowing over t ime [7]. Systemic heparin-
ization (100 U/kg) should be used when not contraindicated 
by concomitant injuries [3].

Anticoagulation

Aspirin, u nfractionated h eparin, l ow-molecular-weight 
 heparin, and warfarin remain the most common medi-
cations u sed f or a nticoagulation i n t he v ascular p atient. 
Aspirin o r a cetyl-salicylic a cid i rreversibly b inds t o a nd 
inhibits c yclooxygenase ( COX), p reventing t he f orma-
tion o f p rostaglandins, t hromboxane, a nd p rostacyclins 
from a rachidonic a cid [29]. A spirin p referentially i nhibits 
COX-1 over COX-2. Its effects last 8–10 days, the lifespan 
of a p latelet. There is a s ignificant interindividual variation 
in the dose of heparin [30]. The optimal dose of aspirin in 
children is not known. The clearance of aspirin in neonates 
is slower, putting them at higher risk of bleeding. Of note, 
patients w ith a v iral s yndrome t reated w ith a spirin a re a t 
an i ncreased r isk of R eye s yndrome, a l ethal s yndrome of 
encephalopathy and liver degeneration. There i s a dose-
dependent association between aspirin and the likelihood of 
developing Reye syndrome, usually >40 mg/kg. The current 
recommended dose for children is 1–5 mg/kg/day [30].

Unfractionated h eparin a nd lo w-molecular-weight 
 heparin are indirect thrombin inhibitors. Heparin is a mix-
ture of sulfates mucopolysaccharides [29]. Heparin binds to 
antithrombin, resulting in a conformational change expos-
ing its active site. This allows for more rapid interaction and 
subsequent inhibition of clotting factors, such as thrombin 
(IIa), I Xa, a nd X a. Unfractionated heparin i s t he first-line 
intervention to treat arterial and venous thrombosis in the 
pediatric p opulation [31]. A ge-dependent reference r anges 
are a vailable f or a ntithrombin, t issue f actor p athways 
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inhibitor, thrombin, and factor X to assist with monitoring 
heparin dosing. According to the Seventh American College 
of C hest P hysicians C onference o n A ntithrombotic a nd 
Thrombolytic Therapy, the plasma of neonates has decreased 
thrombin w hen c ompared w ith a dults. F urthermore, t he 
proportion of thrombin in the plasma of a neonate is simi-
lar to t hat of a n a nticoagulated adult. O ver t ime t he level 
of t hrombin i ncreases. C hildren, h owever, h ave 25 % l ess 
thrombin than do adults [30]. Reported rate of bleeding 
from heparin use in the pediatric population is 1.5%. Only 
three c ases o f h eparin-induced o steoporosis a re r eported 
in t he l iterature. Therapeutic h eparinization w hen i ndi-
cated should be titrated to a target anti-Xa activity range of 
0.35–0.70 units/mL [30]. Pediatric heparin-induced throm-
bocytopenia is a lso described. The anticoagulant action of 
heparin can be reversed by protamine sulfate, a b asic pep-
tide that combines with heparin and leaves it inactive [29]. 
One milligram of protamine sulfate is necessary for every 
100 U of heparin remaining in the patient. The rate of infu-
sion o f p rotamine s ulfate s hould n ot e xceed 5 0 m g i n 1 0 
minutes.

Low-molecularweigh the parins (LMWHs) include enoxa-
parin, dalteparin, and t inzaparin. Both unfractionated and 
low-molecular-weight h eparin i nhibit f actor X a [29]. L ow-
molecular-weight heparins have less of an affinity for throm-
bin. The p redictability o f w eight-adjusted L MWH d osing 
on a nticoagulation i s r educed w hen c ompared t o a dults 
[30]. The reported incidence of LMWH-associated bleeding 
in neonates i s 0 %–10.8%. Therapeutic L MWH w hen g iven 
once or twice daily should be monitored for a target antifac-
tor Xa range of 0.5–1.0 units/mL if the sample is drawn 4–6 
hours from subcutaneous injection, and 0.5–0.8 units/mL in 
a sample taken 2–6 hours after subcutaneous injection [30].

Warfarin, o r C oumadin, b locks t he γ-carboxylation o f 
glutamate residues in prothrombin, factors VII, I X, and X, 
and endogenous anticoagulants protein C and S by prevent-
ing the reduction of inactive vitamin K epoxide to its hydro-
quinone [29]. Warfarin has a very narrow therapeutic index 
and requires frequent monitoring via prothrombin time and 
international normalized ratio (INR). A variety of factors 
including i nnumerable m edications c an i nterfere w ith t he 
bioavailability a nd ph armacokinetics o f w arfarin. U nlike 
many formulas, breast m ilk has no v itamin K . Depending 
on the breast milk to formula ratio the patient’s level of anti-
coagulation c an c hange. F urthermore, c hildren o ften h ave 
fluctuating caloric intake a nd inconsistent nutritional con-
sumption, including green vegetables and oils. In addition, 
children are more susceptible to illness, including the com-
mon cold. These difficulties result in children being within 
therapeutic r ange less t han 50% of t he t ime [32]. Children 
have p oor venous a ccess, m aking monitoring d ifficult a nd 
leading to increased anxiety to t he patient. The target INR 
ranges between 2.0 and 3.0 [30]. According to a statement 
by the American Heart Association, a monthly INR check is 
recommended in infants and children once a stable dose has 
been identified. Finger-stick capillary whole-blood sampling 
is a vailable. I ts v alidity a nd a ccuracy a re c urrently b eing 

evaluated in the pediatric population. In general, anticoagu-
lation with warfarin is not recommended in children under 
the age of 1 year unless a mechanical valve is present. The 
long-term use of warfarin has been linked to osteoporosis.

There a re n o s pecific r ecommendations r egarding t he 
duration of anticoagulation therapy in pediatrics after arte-
rial repair or for specific traumatic injuries. This results in a 
quandary for those caring for pediatric trauma patients, as 
thrombosis and arterial intimal injury often mandate anti-
coagulation at least for the near term. We will place patients 
on aspirin therapy indefinitely if there has been an arterial 
injury t hat required surgical repair or s tent. Patients w ith 
a t hromboembolic c omplication a re p laced o n t herapeu-
tic L MWH for 3 –6 months, w ith t he duration d epending 
upon the clinical exam and results of surveillance studies. 
These recommendations, however, have not been subjected 
to rigorous scientific examination and would benefit from 
further study.

Pediatric truncal vascular injury

Epidemiology of pediatric 
truncal vascular injury

Truncal vascular injury is rare. The majority of the literature 
available o n t his t opic c onsists o f r etrospective a nalyses 
and case reports. Consequently, experiences from the adult 
population a re e xtrapolated a nd a pplied t o t he p ediatric 
population. Initial survival following blunt aortic injury i s 
reported to be 7% compared with 14% in adults [33]. Other 
studies have reported overall mortality rates associated with 
pediatric t runcal v ascular i njury b etween 3 0% a nd 8 5% 
[34,35]. Unfortunately, approximately 80% of children who 
sustain truncal vascular injuries never make it to the hospi-
tal because they die on scene. While penetrating injury was 
once the most common mechanism of truncal trauma, blunt 
injury to the thoracic and abdominal aorta is more likely to 
be encountered in today’s pediatric population. Injury to the 
thoracic aorta is more common than injury to the abdomi-
nal a orta ( 72% v ersus 2 1%) [ 35]. The o verall i ncidence o f 
injury to the thoracic aorta is 2.1%, whereas the overall inci-
dence to the abdominal aorta is 0.1% [36]. Thirty percent of 
untreated s urvivors d ie w ithin 6 h ours [35,37]. F orty p er-
cent die within 24 hours, whereas 90% do not survive past 4 
months. According to a review of the National Automotive 
Sampling S ystem, t he o verall i ncidence a nd a ssociated 
in-hospital mortality of blunt thoracic aortic injury increases 
with age [5]. Furthermore, a recent retrospective analysis of 
468 cases of pediatric traumatic aortic injuries from 1997 to 
2009 by Tashiro et al. demonstrated that boys and Hispanic 
children had a lower associated-mortality rate than girls and 
Caucasian patients (OR 0.15; OR 0.17) [35]. In addition, lack 
of insurance or financial wealth was a lso associated with a 
higher m ortality r ate. L astly, c hildren a dmitted t o u rban 
nonteaching hospitals and nonchildren’s hospitals had lower 
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mortality r ates t han c hildren a dmitted t o u rban t eaching 
hospitals a nd c hildren’s hospitals (OR 0 .15; OR 0 .4), l ikely 
reflecting a referral bias.

Presentation of pediatric 
truncal vascular injury

The most common site of injury in the thoracic aorta is the 
isthmus, a l ocation a long t he m edial a spect o f t he l umen 
and j ust d istal t o t he o rigin o f t he l eft subclavian a rtery 
[37,38]. H igh i ntra-aortic p ressures c ombined w ith r ota-
tional forces a nd t he t ethering o f l igamentum a rteriosum 
result increased tension at the isthmus. The most common 
location of blunt abdominal aortic i njury i s at t he level of 
the inferior mesenteric artery (30%–40%) followed by at the 
level of the aortic bifurcation (25%) [39]. Timely d iagnosis 
and prompt treatment of aortic injury are critical.

The m ost c ommon c ause o f a ortic t rauma i s a m otor 
vehicle accident [37,38,40]. Patients are often the unre-
strained driver or front seat passenger [33]. Other causes of 
aortic i njury i nclude motorcycle crashes, falls, auto versus 
pedestrian, a nd g un v iolence. I njury i s m ore c ommon i n 
boys than girls (76% versus 24%).

The d iagnosis o f a ortic i njury i n c hildren i s d ifficult 
and c linical p resentation i s v ariable. Hypotension, l oss o f 
peripheral p ulses, l ower e xtremity n eurological deficits, 
abdominal m ass, a nd a bdominal b ruit a re l ate findings 
[39,41]. Notably, approximately half of pediatric patients 
with b lunt t runcal i njury d emonstrate n o s igns o f c hest 
trauma [33,35]. As a r esult, it i s imperative to have a h igh 
level o f s uspicion w hen t reating a p atient i nvolved i n a  
high-impact t rauma to the thorax. In a 1 0-year retrospec-
tive review, Anderson et al. identified seven patients with a 
thoracic aortic injury. Four of these patients had associated 
solid organ injuries with multiple broken bones [40]. Four 
children with abdominal aortic injury were also identified. 
Unlike children w ith t horacic aortic i njury, children w ith 
abdominal aortic injury had neither solid organ injury nor 
long bone fractures. On the contrary, Allison et al. reported 
that t he m ost c ommon c oncomitant i njuries a ssociated 
with abdominal vascular injuries were injuries of the small 
bowel (18.2%), liver (15.9%), spleen (9.1%), kidney (9.1%), 
and orthopedic (9.1%) [36]. Of note, the number of associ-
ated injuries was not predictive for mortality [34]. Fractures 
of the sternum, scapula, upper ribs, clavicle, and pelvis are 
markers o f i ncreased r isk f or t horacic a ortic i njury [ 38]. 
Although it is rare, the seat belt syndrome (seat belt bruis-
ing, abdominal injury, spinal fracture) can include injuries 
to the aorta that result from the lap belt serving as a pivot 
point a round w hich t he s pine flexes a nd c ompresses t he 
abdominal a orta d uring t he r apid d eceleration o f a h igh-
speed motor vehicle collision [41,42].

In a l ogistic r egression o f 4 68 p ediatric p atients w ith 
aortic injury, Tashiro et al. demonstrated that patients pre-
senting with shock or requiring an exploratory laparotomy 
had the highest associated mortality (OR 47.9; OR 13.7) [35]. 
Hemodynamic status on presentation was the best predictor 

of c omplications a nd o verall m ortality [36]. A p resenting 
systolic b lood pressure of less t han 9 0 m mHg w as a ssoci-
ated with poor outcome [34,40]. Hypotensive patients have 
a h igher i njury s everity s core [ 37]. I n a nother r etrospec-
tive review of 57 patients with truncal vascular injuries, all 
seven patients with thoracic vascular injuries who presented 
with hemodynamic instability died [36]. Severe head inju-
ries were associated with a poor prognosis [36,43].

Diagnosis of pediatric 
truncal vascular injury

Multiple c lassification s ystems h ave b een d eveloped t o 
describe aortic injury. The most commonly applied grading 
system for thoracic aortic was developed by The University 
of Washington [37]. Based on t his g rading s ystem, g rade I  
and g rade I I t horacic aortic i njuries have no external con-
tour a bnormality. I n a r etrospective r eview b y S tarnes 
et a l. [37], no patient w ith a n ormal e xternal c ontour d ied 
from his or her blunt aortic injury. Grade III injuries dem-
onstrate a c hange in e xternal c ontour, a p seudoaneurysm. 
According to Starnes et al., a free rupture is classified as a 
grade IV injury. Unlike the original classification of Parmley 
in 1958, t he c lassification p roposed b y S tarnes e t a l. r elies 
on C TA findings, t he m ost c ommon m ethod o f d iagnos-
ing an aortic injury. Most intimal tears were at the isthmus 
or a t t he d escending a orta. M ost l arge i ntimal t ears w ere 
in t he a bdominal a orta. There w as a lso a p ositive c orrela-
tion between grade of injury and injury severity score. In a 
retrospective r eview o f 3350 p atients over a 6 -year p eriod, 
Aldham et al. identified 48 traumatic aortic injuries. Grade 
III aortic injuries were the most common, representing 69% 
of patients [44]. Multiple series identify grade III aortic inju-
ries among the most common type of blunt traumatic aortic 
injury [45]. W hile t he s ize of t he pseudoaneurysm d id not 
directly a ssociate w ith m ortality, t he s ize o f t he p eriaortic 
hematoma did correlate with death from blunt aortic injury 
and is a marker for urgent repair in the adult population [37].

The a bdominal a orta i s c lassified i nto t hree z ones 
based o n p ossible en dovascular s urgical a pproaches [ 46]. 
According t o Sh alhub e t a l., t he a forementioned g rading 
scale can also be applied to blunt abdominal aortic injury. In 
this multicenter study by the Western Trauma Association 
consisting of 113 adult patients with blunt abdominal aor-
tic injury, most patients presented w ith g rade I I injuries 
(33.6%), closely followed by grade IV injury (31.9%) primar-
ily in zone III (66.4%) [46,47]. In a r etrospective review of 
112 intra-abdominal vascular injuries, the absence of vital 
signs and p erformance of c ardiopulmonary resuscitation 
was uniformly lethal [43]. As a result, prolonged resuscita-
tion and extraordinary measures were not recommended.

According to the EAST Practice Management Guidelines 
Work Group for t he D iagnosis a nd M anagement o f Blunt 
Aortic Injury, a CXR is a good screening tool to determine 
whether further investigation is warranted [48]. Significant 
findings indicative of aortic injury include a widened 
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mediastinum, a pical c ap, o bscured a ortic k nob, d eviation 
of t he l eft mainstem, b ronchus o r n asogastric t ube, m as-
sive hemothorax, and opacification of the aortopulmonary 
window [33,38,48]. I n a n adult a w idened mediastinum i s 
defined a s a w idth g reater t han 8 c m, a m ediastinal/chest 
width ratio of >0.38, or a physician’s opinion that the medi-
astinum is widened. A suspicious CXR should be followed 
up with a d iagnostic test such as a chest CTA or angiogra-
phy as seen in Figures 13.3 through 13.5.

While conventional a ngiography continues to be t he 
gold standard to diagnose blunt aortic injury, spiral CT has 
negative predictive value and can be used alone to rule out 
blunt aortic injury [48]. The disadvantage of CT scan is lack 
of dynamic information and poor visualization of collater-
als [33]. Demetriades recommended that all patients with 
deceleration injuries should undergo screening CT to rule 

out aortic injury [38]. W hile t his is applicable to t he adult 
population, this recommendation may not be generalizable 
to the pediatric population who for reasons described above 
are more sensitive to radiation. Nevertheless, the number of 
CT chest examinations has increased significantly over the 
years i n t he p ediatric p opulation [33]. I n addition to c on-
ventional angiography and CT, a t ransesophageal echocar-
diogram ( TEE) c an a lso b e u sed t o d iagnose b lunt a ortic 
injury [48]. This method of diagnosis is extremely valuable 
in p atients w ho a re u nstable a nd c annot t olerate m oving 
to t he a ngiography o r r adiology s uite. W hile T EE c annot 
visualize the ascending aorta or aortic branches well, it can 
identify small intimal injuries.

Treatment of pediatric truncal vascular injury

Much debate e xists regarding t he b est operative approach 
for a ortic i njuries. Treatment o f a ortic i njury i s b ased o n 
the mechanism of injury. Penetrating trauma is more likely 
to leave a clean focus of injury amenable to primary repair, 
while b lunt m echanisms c reate m ore s hear i njuries o ften 
affecting a larger area of vessel [9]. Consequently, these inju-
ries often require more extensive repairs.

While em ergent operative i ntervention i s w arranted i n 
patients with penetrating trauma and in patients with blunt 
injury a nd a ctive e xtravasation, t he o ptimal m anagement 
for contained blunt aortic i njuries i s s till i n question [45]. 
The r isk o f f ree r upture i s g reatest i n t he first f ew h ours 
after injury [38]. Nonoperative management of blunt aortic 
injury includes blood pressure control and the use of antico-
agulation such as aspirin unless otherwise contraindicated. 
Blood p ressure c ontrol c an d ecrease t he i ncidence o f f ree 
rupture of a thoracic aortic injury from 12% to 1.5% [38,49]. 
Target b lood p ressures a re u nknown i n p ediatrics d ue t o 

Portable

Figure 13.3 Chest x-ray revealing a widened mediasti-
num in an 11-year-old patient treated at Texas Children’s 
Hospital after a motor vehicle accident.

Figure 13.4 Axial computed tomographic angiogram con-
firming presence in the Figure 13.3 patient of traumatic 
aortic injury (grade III) just distal to the subclavian artery.
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Figure 13.5 Three-dimensional reconstruction of the 
 computed tomographic angiogram of the Figure 13.3 
patient showing the grade III traumatic thoracic aortic 
injury just distal to the subclavian artery. Note also the 
anomalous aortic origin of the left vertebral artery from 
the aortic arch, just proximal to the left subclavian artery. 
A, anterior; S, superior; P, posterior; and I, inferior.
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the infrequency of the injury, although in adults it is recom-
mended to maintain a s ystolic blood pressure as tolerated, 
which is typically 90–100 mmHg.

The University of Washington clinical treatment guide-
lines f or b lunt a ortic i njury r ecommend a nti-impulse 
therapy in a ll patients with radiographic evidence of blunt 
aortic i njury [37]. Gr ade I a nd I I i njuries s how s low p ro-
gression a nd n onsurgical t herapy c an b e c onsidered [50]. 
Observation i s warranted i n patients w ith g rade I i njuries 
with a r epeat CTA in 1 m onth. Grade II injuries require a 
CTA w ithin 7 d ays f ollowing d iagnosis t o a ssess f or p ro-
gression of the lesion. Operative intervention is warranted 
if there is any evidence of progression. Patients with grade 
III lesions should u ndergo semielective repair i f t here i s a 
high likelihood of survival.

Operative interventions for the treatment of aortic injury 
include p rimary r epair, p atch r epair, a utologous g rafts, 
allografts, prosthetic grafts, shunts, ligation, extra-anatomic 
bypass, or endovascular repair. In general, neurologic com-
plications c orrelate w ith i schemia t ime; a s a r esult, s hunt 
use s hould b e c onsidered w hen repairing a n a ortic i njury 
[48]. Feared complications include paraplegia and renal fail-
ure. Children less than 6 years of age rarely have sufficient 
autologous g raft options. C ase r eports h ave d escribed t he 
use of cryopreserved arterial allograft [51].

Given t he low incidence of t hese injuries, a p rospective 
or randomized control study comparing the different types 
of repairs is not feasible. There is no information available 
regarding t he long-term outcomes of most repairs in chil-
dren. When primary repair is not possible, a c onduit must 
be used. As described by Corneille et al., an autologous graft 
such as a reversed saphenous vein is preferred [9]. Synthetic 
conduits s uch a s p olyester o r p olytetrafluoroethylene 
(PTFE) grafts can be used. They are prone to infection and 
small in diameter. Historically, prosthetic grafts have a high 
thrombosis r ate with a p oor long-term patency. As men-
tioned earlier in this chapter, an anastomosis should entail 
interrupted sutures. The “clamp and sew” technique is often 
mentioned in the literature. This method of repair provides 
rapid control of the aorta, avoids heparin, and restores flow 
to the d istal a orta w ithout the use of d istal r eperfusion 
techniques but in the same amount of time [35]. The area of 
injury is identified. Proximal and distal control is obtained 
and c lamped. The i njured a rea i s excised a nd a prosthetic 
graft is put in its place. The graft is placed within the ends 
of t he a orta a nd s utured t ogether. The c lamps a re t hen 
removed [52]. Cross-clamping t ime i s usually less t han 20 
minutes and there is no need for circulatory support. While 
the A merican A ssociation for Surgery o f Trauma (AAST) 
1 study demonstrated a higher incidence of paraplegia in 
patients t reated w ith t he c lamp/sew t echnique c ompared 
with b ypass t echniques, t he A AST2 s tudy p ublished 1 0 
years later did not replicate these findings [53]. In order to 
account for the future growth of a child, Kaye et al. recom-
mended that a rtificial grafts be p laced end to side proxi-
mally a nd d istally w ith a r edundant a ngulated C -shape, 
whereas cryopreserved g rafts should be placed end to end 

[51,54]. The extent of angulation will decrease as the child 
grows. F uture s tricture p lagues l ong-term o utcomes w ith 
prosthetic g rafts, making surveillance c ritical a s t he child 
matures. There a re no  p ediatric s urveillance g uidelines, 
though t he a uthors f ollow u p a t 1-, 3 -, 6 -, a nd 1 2-month 
intervals, and then annually thereafter. The frequency var-
ies, however, depending upon the surgeon’s perceived need.

A large prospective study by the AAST evaluated the out-
comes of patients with blunt thoracic aortic injury according 
to t iming o f repair. They c oncluded t hat t he overall c rude 
mortality r ate i n t he e arly r epair g roup (<24 h ours f rom 
injury) was ninefold higher than in the delayed repair group 
(>24 h ours f rom i njury) [38]. The m ean t ime f rom i njury 
to repair was 16.5 hours in the 1997 AAST1 study and 54.6 
hours i n t he A AST2 s tudy [53]. D elayed r epair w as n oted 
by D emetriades a s t he o nly i ndependent f actor p rotective 
against mortality in patients with blunt thoracic aortic injury. 
The incidence of paraplegia between early and delayed repair 
was the same. Consequently, repair of a b lunt aortic injury 
can be delayed if a patient has a more life-threatening injury 
that requires a craniotomy or an exploratory laparotomy or 
if a patient is a poor surgical candidate [45,48]. According to 
an 11-year retrospective review of blunt thoracic aortic injury 
in c hildren, s urgical r epair w as p erformed o n a ll p atients 
diagnosed with blunt thoracic aortic injury. The most com-
mon intraoperative finding was an aortic tear (53%) followed 
by aortic transection (35%) and pseudoaneurysm (18%) [33]. 
A graft interposition was the most common procedure per-
formed (76%), followed by primary a nastomosis (18%) a nd 
patch repair (6%). No deaths were reported.

The first en dovascular r epair o f a b lunt t raumatic t ho-
racic aortic injury was in 1997 [38]. Since its initial use, the 
popularity of endovascular repair has grown substantially. 
In the AAST1 study, no patient was treated with endovascu-
lar repair. Sixty-five percent of patients were managed with 
stent grafts in the AAST2 study 10 years l ater [53]. Endo-
vascular repair can be a t emporizing or permanent means 
of treating traumatic aortic injury. Other than the benefits 
mentioned in the preceding sections, endovascular surgery 
minimizes the r isk of paraplegia and mortality as demon-
strated in t he A AST2 study [38]. Equally notable were t he 
large n umber o f d evice-related c omplications. The m ost 
common w ere en doleaks w ith a p revalence o f 14%. These 
complications w ere a ttributed t o t he l ack o f o versizing o f 
the stent by 10%–20%. The use of a stent that is too small or 
too large results in an increased risk of endoleak, infolding, 
collapse, migration, fistula formation, and thrombosis. The 
thoracic aorta b ecomes e ctatic a nd tortuous w ith a dvanc-
ing a ge, p lacing s tent g rafts a t r isk o f f ailure a s a p atient 
ages [53]. Barral et al. advocated deferring formal repair of 
abdominal aortic surgery until the age of 10–12 years when 
an 8 -mm g raft compatible w ith n ormal g rowth c ould b e 
used [54]. Recent prospective nonrandomized studies such 
as the RESCUE trial and the GORE TAG thoracic endopro-
thesis trial maintain that the endovascular approach is both 
safe and effective in the treatment of adult traumatic aortic 
injuries [55,56].
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There a re n o p rospective s tudies a vailable e valuating 
the utility of endovascular repair in children. The current 
aortic endografts are not ideal for use in children. Younger 
patients h ave a s maller d escending t horacic a orta w ith a  
steeper aortic arch angle otherwise referred to as a “cathe-
dral dome” shape. A current treatment algorithm proposed 
for adolescent patients by Malgor et al. l ists an i liac diam-
eter of >7 mm and aortic diameter of >18 mm as inclusion 
criteria for possible thoracic endovascular repair approach 
[57]. O ff-label u se o f i liac l imb en dovascular s tents a nd 
aortic c uffs t o t reat b lunt t horacic a ortic i njury h as b een 
described [58,59]. The caliber of access vessels for endovas-
cular r epair i s a lso p roblematic i n c hildren. C ase r eports 
have d escribed p erforming a n e xploratory l aparotomy t o 
gain a ccess t o t he a bdominal a orta f or c annulation [ 60]. 
More d urable, l ow-profile, s mall-diameter, and flexible 
endografts are needed [33,60]. In an effort to repair a blunt 
thoracic aortic i njury, t he o cclusion of t he l eft subclavian 
artery by an endovascular stent is well tolerated if necessary 
[38,56]. In a retrospective analysis of 140 patients with blunt 
aortic i njury, e ight p atients r equired i ntentional c overage 
of the left subclavian artery [37]. Retrograde flow through 
the left vertebral artery and mammarian artery can main-
tain perfusion to the left upper extremity. As a result, sub-
sequent revascularization was not necessary. Case reports 
have d emonstrated a n i ncreased r ate o f s troke a nd l ikeli-
hood of spinal cord ischemia with overstenting of the left 
subclavian a rtery [50]. H ence, t he i deal s ituation i s w hen 
an a dequate s eal (ideally 2 c m on e ither end of t he g raft) 
without e xcessive a ngulation of t he g raft can b e achieved 
without covering t he left subclavian a rtery. In addition to 
the l arge c aliber, c urrently a vailable en dovascular a ortic 
stents a re often too long for young children. The narrow-
est t horacic s tent g raft measures 18 m m, w ith a l ength of 
105 mm, though endograft iliac limb components may be 
shorter and narrower. The longer lengths could result in a 
higher incidence of paraplegia, as the entire thoracic aorta, 
and the subsequently the vessels perfusing the spinal cord, 
are c overed. A l umbar d rain w ith t ight l umbar p ressure 
monitoring and blood pressure control may limit this risk 
(Figures 13.6 and 13.7).

Unlike blunt thoracic aortic injuries, symptomatic blunt 
abdominal aortic injuries a re usually t reated w ith a n open 
operation. These lesions are more accessible than lesions in 
the thoracic cavity. Intraoperative ultrasound can help iden-
tify the proximal and distal extent of intimal disruption [61]. 
Furthermore, duplex mode can identify areas of turbulent 
flow. C onsequently, i ntraoperative u ltrasound c an d eter-
mine p recise l ocations f or c lamp p lacement d uring r epair. 
If the aortic adventitia is intact a transverse aortotomy and 
thrombectomy should be completed [39]. The aorta proximal 
and distal to the lesions should be freed to ensure a tension-
free anastomosis. I solated l umbar a rteries i n t he v icinity 
may n eed t o b e s acrificed for o ptimal e xposure [42]. I f a n 
end-to-end aortic anastomosis is not feasible, an autologous 
graft using the hypogastric artery, bovine graft, or synthetic 
graft can be used. Grade III injuries usually require excision 

with primary end-to-end anastomosis or interposition graft 
placement [47]. Among patients with aortic intimal transec-
tion i n o ne r etrospective r eview, 1 5% o f p atients a lso h ad 
associated iliac dissections which limited the utility of endo-
vascular repair [42]. W hile t hey can be considered in zone 
III o r i n t he s etting o f g ross c ontamination, en dovascular 
procedures a re avoided i f possible i n t he pediatric popula-
tion. Overall, the mortality of blunt abdominal aortic injury 
was 32%, w hereas t he mortality r ate of f ree aortic r upture 
was 1 00% [ 47]. M ortality a lso v aries w ith z one of i njury. 
Shalhub e t a l. r eported t he h ighest m ortality w ith z one I I 
injuries at 92.9%. The highest mortality was within the first 
24 hours secondary to hemorrhagic shock.

Figure 13.6 Axial computed tomographic angiogram of 
the Figure 13.3 patient showing the thoracic stent graft 
which had been placed, with repair of the injury in the 
thoracic aorta.
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Figure 13.7 Three-dimensional reconstruction of the 
 computed tomographic angiogram of Figure 13.3 patient 
showing the placement of the thoracic endograft, which 
was placed distal to the subclavian artery. No further 
evidence of injury can be seen. Given the length of the graft 
and concern for occlusion of spinal vasculature, a spinal 
drain was placed and the pressure was closely monitored. 
A, anterior; S, superior; P, posterior; and I, inferior.
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Surveillance of pediatric truncal vascular 
injury

In a r etrospective a nalysis, B arral e t a l. r eported on e ight 
children who underwent surgery for lesions of the abdomi-
nal aorta [ 54]. W hile n one of these p atients experienced 
trauma, this is one of the few studies that describe the long-
term r esults o f a ortic r econstruction. A ll p atients u nder-
went a b ypass p rocedure. S ix p atients w ere r econstructed 
using p olyester D acron g raft. A p olytetrafuoroeythylene 
graft and a n a llograft were p laced i n t he t wo r emaining 
patients. Unfortunately, t he p atient w ith a n a llograft aor-
tobifemoral bypass died 2 hours after surgery as a result of 
extensive t hrombotic d isease. Three o f t he s even p atients 
required further surgery. One patient experienced failure at 
5 y ears o f a 6 -mm c ollagen-coated D acron g raft that w as 
placed between the celiac and the infrarenal aorta. Another 
patient developed a noninfectious false iliac aneurysm of a 
graft placed between the aorta at the diaphragmatic hiatus 
and the iliac arteries at 20 years. All patients developed nor-
mally both in weight and in height and were asymptomatic 
at the time of publication. Four of the seven patients played 
competitive sports. Of note, arterial narrowing of less than 
50% does not cause arterial insufficiency even during physi-
cal activity. Two patients, one male and one female, became 
parents.

Patients with nonoperative management of blunt aortic 
injury should be followed at 30 days, 6 months, 1 year, and 
then annually by repeat CTA until resolution of injury [37]. 
Surgery should be performed at a ny s ign of deterioration. 
According to Demetriades, radiologic follow-up after endo-
vascular t reatment s hould b e c ompleted e very 6 m onths 
[38]. Once deemed stable, the radiologic follow-up interval 
can be increased to annually.

Pediatric carotid artery injuries

Epidemiology of pediatric carotid artery 
injuries

Injury t o t he c arotid a rtery c an b e c lassified a s p enetrat-
ing o r b lunt. L imited i nformation i s a vailable r egarding 
the incidence of carotid injury in the pediatric population. 
Penetrating i njuries to t he carotid account for 3% of a rte-
rial i njuries i n t he c ivilian p opulation [62]. O nly 9 6 c ases 
of blunt carotid injury were reported in the general popula-
tion b efore 1980 [63]. The i ncidence o f c arotid i njury h as 
increased with screening. Following the implementation of 
screening guidelines in the adult population, the incidence 
of blunt carotid injury increased from 0.1% to 1.16% [64,65].

Blunt c arotid i njury i n t he p ediatric p opulation i s l ess 
common overall in the pediatric population, likely second-
ary t o t he i ncreased p liability o f c hildren’s b lood v essels. 
Within t he p ediatric c ohort, c hildren l ess t han 6 y ears 
of age are at higher r isk of carotid injury t hen t heir older 

counterparts. A lthough t hey represented 36% of t he total 
pediatric t rauma r egistry, c hildren y ounger t han 6 y ears 
embodied 73% of t he patients w ith b lunt c erebrovascular 
injury ( BCVI) [ 66]. I t i s e stimated t hat i ts o verall i nci-
dence in children is 0.03%. This number may change with 
increased awareness and screening. While the incidence of 
carotid i njury i s r are, t he a ssociated m orbidity a nd m or-
tality i s  significant. In t he adult population, retrospective 
multicenter r eviews h ave e stimated t he m orbidity a nd 
mortality s econdary t o b lunt c arotid i njury a s 2 3% a nd 
48%, respectively [67]. In a review by Lew et al., the mortal-
ity rate secondary to blunt carotid artery injury in children 
was noted at 13% [66].

Presentation of pediatric carotid injury

Carotid a rtery i njury c an m anifest a s h emorrhage, f or-
mation o f a n a rteriovenous fistula, p seudoaneurysm, 
carotid-cavernous fistula, p artial or complete transection, 
thrombosis, a nd d issection. C linical findings c an i nclude, 
but are not l imited to, anterior soft tissue injury, bleeding, 
neck pain, Horner’s syndrome, carotid bruit, tinnitus, apha-
sia, and presence of lateralizing neurologic symptoms [68–
70]. Neurologic signs present in a delayed fashion from a few 
hours to several years after the insult. Nonfocal symptoms 
including i rritability a nd l ethargy m ay p recede c ontralat-
eral hemiplegia and homonymous hemianopsia. Severity of 
symptoms does not correlate with extent of disease.

Carotid injury can occur with both high-velocity mech-
anism such as motor vehicle collisions a nd l ow-velocity 
mechanisms such as short-distance falls. The most common 
mechanism of injury to the carotid artery is related to exten-
sion and contralateral rotation of the head [68]. Dissection 
can o ccur w hen t hese f orces c ompress t he c arotid a rtery 
against t he t ransverse p rocesses, v ertebral b odies o f t he 
upper cervical spine, or t he styloid process [71]. The pedi-
atric cervical spine has a g reater degree of instability than 
that of an adult. As described by Nouh et al. this related to 
increased ligamentous laxity, underdeveloped spinous pro-
cesses, a nterior w edging o f v ertebral b odies, i ncomplete 
ossification o f t he o dontoid p rocess, w eak n eck m uscles, 
and a l arge head. Furthermore, children have less a thero-
sclerotic c hanges o f t heir c arotid a rteries t han d o a dults, 
further predisposing children to carotid artery injury [66]. 
Other m echanisms o f i njury i nclude i ntraoral t rauma, 
direct blow to t he neck, strangulation, or association w ith 
basilar skull fracture through the foramen lacerum.

Carotid vascular injuries frequently manifest as an inti-
mal flap w hich p rompts t he f ormation o f t hrombus a nd 
subsequent a neurysmal d issection a nd p ropagation. A  
unilateral c arotid o cclusion c an r emain c linically s ilent 
in t he s etting o f a p atent c ircle o f W illis. A s t he t hrom-
bus extends into t he middle a nd a nterior cerebral a rtery, 
patients may become progressively symptomatic [69]. The 
cervical spine reaches adult proportions at approximately 
10 years of age [71].
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Diagnosis of pediatric carotid artery injury

Penetrating injuries

Historically, the neck is divided into three zones. These ana-
tomic zones dictate evaluation and treatment. Demetriades 
et al. reported the distribution of penetrating injury in the 
adult neck [72]. The most common area affected was zone II 
(47%) followed by zone III (19%) and zone I (18%). More than 
one zone was affected in 16% of patients. The pediatric neck 
is more compact. One can conclude that the likelihood of a 
penetrating i njury a ffecting more t han one z one i s h igher 
in the pediatric population than in the adult population. 
Penetrating neck injuries are thankfully rare, occurring in 
0.28% of all children in the National Trauma Databank over 
a 4 -year period [73]. The mean age i s 7.9 years, a nd males 
are affected 70.6% of the time. Stabbing (44%) and firearms 
(24%) w ere t he m ost f requent m echanisms o f p enetrating 
injury [73].

Patients who demonstrate hard signs of vascular injury 
or h emodynamic i nstability r egardless o f z one a ffected 
require a s ecure a irway a nd a n emergent operative i nter-
vention. A ccording t o t he W estern T rauma A ssociation 
Critical Decisions in Trauma, patients without indications 
for a  mandatory neck exploration a nd w ithout symptoms 
or s uspicion o f i njury c an b e m anaged e xpectantly [ 74]. 
While t hey a re e asily a pplicable t o t he a dult p opulation, 
these r ecommendations m ay p rove m ore d ifficult a nd 
even impossible when caring for the pediatric population. 
Nonetheless, f urther d iagnostic imaging is recommended 
in p atients w ho a re h emodynamically s table a nd d emon-
strate soft signs of vascular injury. For t hese patients, the 
diagnostic algorithm is similar to those for BCVI. During 
the initial evaluation, removal of the penetrating object is 
not advised [69].

It i s i mportant t o b ear i n m ind t hat p enetrating 
injury t o t he n eck c an a ffect a ll s urrounding s tructures. 
Consequently, injury to the aerodigestive system must also 
be e valuated. Physical examination a lone i s i nsufficient to 
rule out esophageal injury. While CTA was initially utilized 
for t he a ssessment o f v ascular i njury, r ecent s tudies h ave 
reported high sensitivity for detecting aerodigestive injury 
[74]. It is recommended that patients with zone I undergo a 
CTA of the chest and neck. A CTA of the neck is often suf-
ficient for zone II injuries, whereas zone III injuries require 
a CTA of the head and neck. Early operation is warranted 
in p atients w ith e vidence of a erodigestive i njury on C TA. 
If continued concern exists regarding aerodigestive i njury 
in z one I a nd I I s econdary t o w ound t rajectory d espite a 
negative C TA e valuation, e sophagoscopy o r e sophagog-
raphy is recommended. Contrast swallow studies are not 
recommended f or z one I II i njuries d ue t o d ecreased s en-
sitivity i n d etecting h ypopharyngeal i njuries. F lexible o r 
video n asoendoscopy m ay b e r equired i n t hese i nstances. 
Prompt surgical repair of aerodigestive injury is associated 
with improved outcome. As a result, expeditious evaluation 
is critical.

Blunt injuries

Screening g uidelines for blunt c arotid i njury i n adults a re 
well e stablished [ 64]. A t t his t ime, t here a re n o s tandard 
screening g uidelines i n c hildren. The c urrent l evel t hree 
recommendations f rom t he E astern A ssociation f or t he 
Surgery of Trauma (EAST) endorse the application of adult 
BCVI practice management guidelines to the pediatric pop-
ulation. While the available data do support the use of adult 
screening criteria in the pediatric population, further scien-
tific evidence is needed.

An evaluation for BCVI should be initiated in any patient 
with a neurologic abnormality not explained by his or her 
injury pattern [64]. Asymptomatic patients with blunt head 
trauma s hould b e s creened f or B CVI i f t hey d emonstrate 
any o f t he following r isk f actors: (1) G lasgow C oma S cale 
of ≤8, (2) p etrous b one f racture, (3) d iffuse a xonal i njury, 
(4) fracture of cervical spine C1–C3 with f racture extend-
ing t hrough t he f oramen t ransversarium, ( 5) a c ervical 
spine fracture with subluxation or a rotational pattern, and 
(6) Lefort II or III facial fractures. While patients with one 
risk factor had a 4 1% risk of BCVI, patients with four r isk 
factors had a 9 3% risk of BCVI. While initially thought to 
be a s ignificant predictor of injury, the presence of soft tis-
sue swelling, referred to as the “cervical seatbelt sign,” is not 
associated with an increased risk of BCVI and consequently 
is not a sufficient criterion to screen for blunt carotid injury 
[64,75,76]. Other screening guidelines for BCVI include the 
Denver and Memphis criteria.

Diagnosis of blunt carotid injury can be difficult in the 
asymptomatic p ediatric p atient. S everal c onstellations o f 
injury have been associated with simultaneous injury to the 
carotid artery. For e xample, t he presence o f chest trauma 
increases the risk of BCVI fourfold, whereas a clavicle frac-
ture increases the probability of coexisting carotid injury 
eightfold [63,66]. Combined head and chest trauma is asso-
ciated w ith a s ixfold i ncrease i n c arotid i njury. R avindra 
et a l. d iscovered t hat i n c hildren, p etrous t emporal b one 
fracture, Glasgow Coma Scale score <8, focal neurological 
deficit, and stroke on initial CT scan are independent risk 
factors for BCVI [77].

Doppler s tudies, o cular p neumoplethysmography, a ngi-
ography, c omputed t omography i maging, a nd MRI c an be 
used t o e valuate p atients w ith c arotid i njury. A d iagnostic 
four-vessel cerebral angiogram (FVCA) is the gold standard 
for d iagnosis o f B CVI. R ecent s tudies h ave d emonstrated a  
similar d etection r ate b etween F VCA a nd m ultislice (eight 
or more) multidetector c omputed tomography a ngiography. 
According to Berne et al., the 16-channel CTA has an overall 
sensitivity of 100% and a specificity of 94% for the detection of 
BCVI [78,79]. This was later confirmed by Eastman et al., who 
demonstrated the sensitivity, specificity, and accuracy of CTA 
to be 97.7%, 100%, and 99.3%, respectively [19]. Upon further 
analysis, the positive predictive value of CTA in the diagno-
sis of BCVI was 100%, whereas the negative predictive value 
was 99.3%. According to a recent study published by Malhorta 
et a l., t he u se o f s elective C TA w as t he m ost c ost-effective 
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imaging modality to screen patients for blunt carotid injury 
[8]. Duplex u ltrasound is not sufficient as t he sole screening 
modality for BCVI as its sensitivity is estimated at 38.5%–86% 
[64]. Furthermore, duplex ultrasound has a l imited ability to 
evaluate proximal and distal lesions [66]. The use of magnetic 
resonance angiography has several advantages and disadvan-
tages. W hen u sed w ith d iffusion-weighted s equences, M RA 
has a h igh sensitivity for the identification of early ischemia. 
Unfortunately, t he s ensitivity o f M RA f or c arotid a rtery 
injury, p articularly o f p seudoaneurysms, i s 5 0% [ 64,66]. 
Consequently, n either d uplex u ltrasound n or M RA c an b e 
used as the sole screening modality for BCVI.

Treatment of pediatric carotid artery injury

The patient’s hemodynamic s tatus, location, a nd e xtent of 
injury determine the type of intervention pursued. Timing 
of t reatment i s i mportant. The m ajority o f t he l iterature 
available recommends early intervention [64]. Surgery after 
embolic symptoms is controversial as it provides little to 
no b enefit a nd m ay r esult i n h emorrhagic t ransformation 
of the infarction [66,68]. Others argue that early interven-
tion reduces secondary morbidity and mortality [69]. With 
only a small number of prospective studies, fixed guidelines 
regarding the treatment of carotid trauma in the pediatric 
population are not currently available. As a result, an indi-
vidualized treatment approach is necessary.

Penetrating injury

The treatment of penetrating carotid vascular injury in the 
children is similar to that of the adult. Penetrating injuries 
to zone II mandate exploration, whereas penetrating injury 
to zone I a nd I II require a m ore d iscerning approach sec-
ondary to difficult accessibility and exposure. If there is any 
concern for aerodigestive injury, direct laryngoscopy, bron-
choscopy, or esophagoscopy is recommended [62,74].

An a nterior s ternocleidomastoid i ncision c an a ddress 
most penetrating neck injuries. Zone I injuries may require 
a median sternotomy and possible clavicular head resection. 
Although uncommon, subluxation, dislocation, or resection 
of the mandible may be needed to address vascular injuries 
in zone III. A transcervical or “collar” incision may be war-
ranted to access both sides of the neck [74].

Surgical op tions i nclude l igation, re section a nd primary 
anastomosis, and reconstruction with an autologous or pros-
thetic p atch, r esection w ith a utologous o r p rosthetic g raft 
interposition, e xtracranial-to-intracranial a rterial b ypass, 
and a neurysmorrhaphy. H istorically, i njury o f t he c arotid 
artery was treated with ligation, particularly in the pediat-
ric p opulation. This w as a ssociated w ith h igh i ncidence o f 
adverse events. Repair of the common and internal carotid is 
recommended. Despite interest in endovascular techniques, 
zone II injuries should be addressed via open techniques [74]. 
While ligation of the carotid artery is no longer favored, liga-
tion may be indicated if the patient is in extremis and tempo-
rizing measures such as shunts are not available [80].

When primary repair or patch angioplasty is not possi-
ble, the use of autologous material is preferred. Native artery 
such as the hypogastric artery is favored [62]. However, an 
otherwise u nnecessary l aparotomy i n t he s etting o f a cute 
trauma i s n ot r ecommended. S aphenous v ein i s o ften t he 
conduit o f c hoice. U nfortunately, s aphenous v ein g rafts 
are t hemselves a ssociated w ith a neurysmal d ilation, e spe-
cially in a h igh-flow artery. When autologous conduits are 
unavailable, t ransposition of the external carotid artery to 
the i nternal c arotid a rtery i s a n o ption. A lthough i t c an 
be u sed, p rosthetic m aterial i s b est a voided i n c hildren, 
given t he i nability t o g row a nd t he r isk o f i nfection. I n a 
retrospective w artime r eview, V illamaria e t a l. d escribed 
a primary repair, a vein patch repair, a reversed saphenous 
interposition graft repair, and a PTFE repair for penetrating 
carotid artery injury in children and promising short-term 
outcomes [6].

Penetrating trauma to the carotid artery can cause pseu-
doaneurysms. While its use in BCVI is more defined, sys-
temic anticoagulation for pseudoaneurysms resulting from 
penetrating trauma remains controversial. In a c ase study, 
Galante et al. note that small pseudoaneurysms (<1.8 cm) 
tend to heal, whereas larger pseudoaneurysms grow [62]. 
Studies l ooking a t t he u se o f a nticoagulation i n p atients 
with pseudoaneurysms of other parts of the body such as the 
femoral artery have demonstrated an increased tendency of 
these lesions to expand. As a r esult, patients w ith large or 
symptomatic c arotid p seudoaneurysms s hould b e t reated. 
Options include surgery, endovascular occlusion, stent graft 
placement, and selective embolization [27]. Surgical options 
are similar to those described above.

Blunt injury

At this time, the management of blunt carotid injury in chil-
dren is similar to that of the adult population. Unlike adults, 
children r equire a ggressive m anagement o f i ntracranial 
hypertension. C hildren r equire s maller c hanges i n i ntra-
cranial v olume t o d evelop i ntracranial h ypertension t han 
do a dults [81]. C onsequently, c hildren h ave d emonstrated 
better o utcomes t han a dults w ith a ggressive m anagement 
of i ntracranial h ypertension t hroughout t he p ostinjury 
period. Duke et a l. noted t hat resection of i nfarcted brain 
tissue in pediatric patients with medically intractable intra-
cranial hypertension following blunt carotid injury demon-
strated improved outcomes [64,81]. W hile t he resection of 
infarcted brain t issue can be v iewed as extreme, t here a re 
many other modalities that can be employed to aggressively 
treat and manage intracranial hypertension.

The m anagement o f b lunt c arotid i njury i s d ictated b y 
grade o f i njury [ 64]. Several g rading s ystems h ave b een 
described. The most commonly used was proposed by Biffl 
et al. While there is no difference in mortality rates between 
grades I and IV, grade V carotid artery injuries are uniformly 
fatal [67]. Arterial disruption occurs most often at the skull 
base [81]. Death occurs quickly from nasopharyngeal hem-
orrhage.
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Carotid i njury c an change over t ime. S even percent of 
grade I injuries will progress to grade II injuries or higher, 
whereas 70% of grade I I injuries w ill evolve into a h igher 
grade of injury [67]. More than 50% of patients with grade 
I or II injury will require a change in management second-
ary t o p rogression o f d isease b ased o n f ollow-up a rteri-
ography c ompleted 7–10 d ays a fter t he i nitial i njury [82]. 
The g rade o f i njury p ositively c orrelates w ith i ncidence 
of s troke. T reatment o f a n a rterial l esion s ignificantly 
decreases incidence of stroke [65]. Stein et al. demonstrated 
that t he s troke r ate f or t hose t reated w ith a ny t herapy 
was markedly smaller than for those who were untreated 
(3.9% versus 25.8%).

Current s cientific e vidence a nd e xpert o pinion r ecom-
mend the use of antithrombotic agents such as aspirin 
or heparin in the treatment of grade I a nd II BCVI [64]. 
Anticoagulation with heparin, warfarin, or aspirin has been 
shown to i mprove outcomes i n patients w ith blunt c arotid 
injuries resulting in intimal defects or dissections [62]. In a 
controlled comparison between the use of heparin and the 
use o f a ntiplatelet a gents s uch a s a spirin a nd c lopidogrel, 
individuals treated with heparin were found to have a lower 
incidence of cerebral vascular accidents [64]. Follow-up 
studies have failed to identify this benefit [65]. Nevertheless, 
complications a ssociated w ith a nticoagulation, s uch a s 
delayed i ntracranial b leeding a nd g astrointestinal h emor-
rhage, can be life threatening. It is important to note that a 
bolus dose is not recommended  if a heparin infusion is used 
and a conversion to warfarin is suggested when appropriate 
with an international normalized ratio of 2–3 for 3–6 months 
[64]. The presence of hemorrhagic or severe traumatic brain 
injury and/or severe cognitive impairment is routinely con-
sidered a  c ontraindication t o s ystemic a nticoagulation [8]. 
Antiplatelet therapy may be preferred in this patient popula-
tion. While anticoagulation is recommended for grade I and 
II BCVI, only 40% of dissections respond to anticoagulation 
and have l ittle to no effect on the radiographic appearance 
of pseudoaneurysms [66,68]. While some argue that the use 
of a nticoagulation m ay w orsen g rade I II l esions, h eparin 
therapy is recommended for inaccessible pseudoaneurysms 
in the acute postinjury period [67].

Given that grade III rarely resolve with anticoagulation, 
more i nvasive m eans a re o ften n ecessary. A cute r evascu-
larization v ia surgical bypass or stent placement is recom-
mended in patients with a n eurological deficit of less than 
6 h ours, w ith n o i ndication o f c erebral i nfarction o n C T 
scan, and with angiographic evidence of dissection or 
thrombosis [33]. Revascularization may also be considered 
in patients following failed medical management as seen by 
persistent intimal injury on imaging. Because these lesions 
are h igh r isk f or t hromboembolism, m anipulation o f t he 
internal carotid artery is not recommended within the first 
72 hours of injury [67]. Biffl et al. recommend waiting 7 days 
before attempting to place a stent for blunt carotid injury.

The u se o f p ercutaneous t hrombin i njection h as 
also g ained i nterest i n r ecent y ears f or t he t reatment o f 
grade III lesions. It avoids a l ong and invasive surgery. No 

foreign material is used and the flow through the carotid 
artery r emains u naltered. Nevertheless, t he complications 
of thrombin injection can be devastating. Thrombin escape 
can r esult i n n eurologic c atastrophe [ 27]. W hile i nitially 
successful, s ubsequent r ecanalization c an o ccur a s w ell, 
resulting i n t reatment f ailure [83]. L imited i nformation i s 
available regarding the use of percutaneous thrombin injec-
tion in the pediatric population in the setting of trauma.

Twenty p ercent o f i ndividuals h ave a n i ntact Ci rcle o f 
Willis. C onsequently, s ome i ndividuals t olerate a s ingle-
vessel o cclusion, g rade I V i njury, i n t he a bsence o f a th-
erosclerotic d isease [ 67]. U nfortunately, t hese i ndividuals 
continue to be at h igh r isk of c erebral t hromboembolism. 
Heparin t herapy i s recommended for t hese i ndividuals i n 
an effort to prevent stroke.

Endovascular intervention is gaining interest as a means 
of treatment of carotid injury, particularly in injuries 
involving z ones I a nd I II. E ndovascular i ntervention p re-
vents c hildren f rom u ndergoing l ong a nd i nvasive p roce-
dures i ncluding m edian s ternotomy a nd d issection a long 
the skull base. It also avoids precarious dissection in blood-
stained and contaminated planes and potential damage to 
cranial n erves. Techniques s uch a s b alloon o cclusion c an 
decrease t he r isk o f t hromboembolism [69]. A t t his t ime, 
few d ata e xist d escribing i ts i ndications, t echnique, a nd 
short- a nd l ong-term o utcomes. T rauma p atients o ften 
have other injuries and require other operative procedures 
such a s fixation o f t he j aw a nd m axillary f ractures. C ox 
et al. detailed two episodes of massive hemorrhage from 
untreated p seudoaneurysm d uring m anipulation o f s ur-
rounding s tructures. C onsequently, t he s tudy c oncluded 
that endovascular treatment of such lesions may be prudent 
[84]. E ndovascular s tents c an o cclude [ 84]. W hile s ome 
studies advise full systemic anticoagulation in patients with 
endovascular s tents, o thers h ave demonstrated n o differ-
ence in outcomes between anticoagulation with heparin or 
with antiplatelet agents [67,85]. Furthermore, Cothren et al. 
recommend against the use of endovascular stent placement 
in general, s tating t hat t he r isk of s tent p lacement despite 
concurrent a nticoagulation is h igher t han in patients who 
received antithrombotic agents alone for grade I–III lesions 
[85]. O f n ote, u ncovered s elf-expanding c oronary s tents 
were used in this study. Further prospective studies are nec-
essary. Baldawi et al. reported a pseudoaneurysm formation 
years following a carotid artery stent placement in an adult 
patient. In this case report, the distal end of the stent pen-
etrated the wall of the artery and resulted in a pseudoaneu-
rysm [27]. While they are recommended for the treatment 
of pseudoaneurysms, endovascular stents can also result in 
pseudoaneurysm formation in the long term.

Surveillance of pediatric carotid artery 
injury

Patients t reated for c arotid i njury r equire c lose l ong-term 
follow-up. S mall a symptomatic p suedoaneurysms o f t he 
carotid a rtery m ay b e o bserved w ith f requent i maging. 
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While no formal surveillance guidelines exist, Galante et al. 
recommend w eekly i maging u ntil t here i s s ufficient e vi-
dence that the lesion is stable [62].

Peripheral pediatric vascular injury

General considerations

As is the case for arterial trauma in other regions of the body, 
management of pediatric arterial extremity injuries is largely 
extrapolated from the management of adult vascular injuries. 
This is largely due to the infrequency of arterial injury in pedi-
atrics, e specially i n t he c ivilian p ediatric t rauma l iterature. 
Adult techniques generally function for children who are of 
sufficient s ize to operate upon, w ith e xcellent l imb s alvage, 
limb-length preservation, and function. Typically, children 
less t han 2 y ears of age (12.5 kg) cannot be operated upon, 
as the extremity vessels become too small to be treated with 
current surgical techniques and devices [86–88]. Vasospasm 
complicates both t he d iagnosis a nd t he performance of t he 
revascularization. W hile v asospasm a fflicts a ll p ediatric 
age g roups, t he problems a re most severe w ith t he smallest 
caliber vessels and children less than 10 years of age. Due to 
the complexity of these injuries, social nuances, and limited 
outcome data, no single physician is an expert. Expeditious 
diagnosis and management within a multidisciplinary team 
are critical to optimizing outcomes.

Epidemiology of pediatric 
extremity arterial trauma

Pediatric v ascular i njury o ccurs m ost f requently i n t he 
extremities [ 1,3,5,22]. I njuries o ccur l east f requently i n 
infants and toddlers, with a mean age between 9.3 and 13.9 
years [ 5,22]. The f requency v aries s omewhat, t hough t he 
rate of extremity vascular injury has been reported to be as 
high as 67% of all pediatric vascular injuries in some series 
[1]. M ales a ppear t o b e p redominantly a ffected, r anging 
between two-thirds and three-fourths of the reported vas-
cular injuries [1,3,5,22].

The m ost f requent l ocation o f i njury a ppears t o b e 
the upper extremity [1,5], though one series reported a 
higher p ercentage o f l ower e xtremity a rterial i njuries [5]. 
Baramparas e t a l. p erformed a r eview o f t he  A merican 
College of Surgeons National Trauma Database (ACS 
NTDB) between 2001 and 2006, which showed that in the 
United States, upper extremity injuries accounted for 37.9% 
of a ll vascular trauma in patients less than 18 years of age 
[5]. The brachial a rtery a ppears t o b e t he m ost f requently 
injured, f ollowed c losely b y t he radial a nd u lnar arteries. 
The superficial femoral artery is the most frequently injured 
lower extremity artery [5], with the exception of one series, 
which had a high incidence of popliteal artery injuries [3].

Nationally, b lunt m echanisms a re m ost f requent, w ith 
motor v ehicle a ccidents r esponsible f or m ost o f t he p edi-
atric v ascular i njuries; h owever, w ithin t he e xtremities, 

penetrating m echanisms prevailed [10]. There w as s ignifi-
cant variation in the mechanisms of injury when stratified 
by age, with younger children (<10 years of age) having sta-
tistically s ignificantly more blunt e xtremity v ascular i nju-
ries when compared to older children (11–17 years of age) 
[10]. Falls are the most frequent blunt mechanism. Overall, 
48% of pediatric patients have a n associated f racture w ith 
extremity v ascular i njury, d riven m ostly b y c oncomitant 
supracondylar humerus (SCH) fracture [10].

Diagnosis of extremity vascular trauma

Without hard signs of hemorrhage and signs of acute l imb 
ischemia, adjunctive testing is required to confirm the diag-
nosis of vascular injury. Since there are no pediatric guidelines 
regarding the diagnosis of vascular injuries, adult guidelines 
are often followed. However, these often rely on ABI, which 
is of limited value in young children. Additionally, children 
likely have a higher incidence of concomitant vascular injury 
following p enetrating e xtremity t rauma t han a dults do, a s 
their structures are in closer proximity and are more likely 
to be affected by the injury mechanism, such as blast injury 
from a firearm. Therefore, a t t he a uthors’ l evel I p ediatric 
trauma center, guidelines developed for evaluating vascular 
injury i n t he i njured extremity a re i n t he process of being 
prospectively validated (Figure 13.8).

Potential consequences of untreated 
vascular injuries

Acutely, untreated vascular injuries usually follow a similar 
natural history as in their adult counterparts. Arteriovenous 
fistula, hemorrhage, pseudoaneurysms, gangrene, compart-
ment syndrome, dissection, and embolization may all ensue. 
There a re t wo r are complications t hat a re more u nique to 
pediatric v ascular i njuries: l imb l ength d iscrepancy a nd 
Volkmann’s ischemic contracture.

The r evascularization o f a p ediatric l imb m ust n ot 
only s upply en ough c irculation t o s upport t he i mmediate 
viability o f a n e xtremity b ut a lso en ough b lood t o s upply 
future l imb g rowth a nd f unction. L imb length d iscrepan-
cies h ave b een r eported a fter f emoral a rtery i njuries a nd 
occlusions s econdary t o i atrogenic c atheter-based i njury, 
affecting mostly t he t ibial vessels [89]. I nterestingly, t hese 
may be reversible if revascularized prior to the closure of the 
metaphyseal plates [89]. This is a rare occurrence, however, 
due to the abundance of collateral pathway development in 
children to accommodate occlusions of large vessels. Hence, 
some authors advocate waiting until the child reaches suf-
ficient s ize t o c reate a d urable v ascular r econstruction 
to r evascularize t he l imb t hat t he c hild w ill n ot o utgrow. 
Future research is required regarding the natural history of 
limb-length discrepancies and the optimal timing of revas-
cularization in children.

Volkmann’s ischemic contracture is a r are, though dev-
astating c omplication o f e xtremity f ractures, m ost c om-
monly supracondylar humeral fractures. Following the 
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initial ischemic insult, compartment syndrome may ensue, 
resulting ultimately in ischemia of the skeletal muscle and 
the m edian a nd u lnar n erves i n t he a rm. O ver t ime, t he 
necrotic muscle heals by forming scarring, resulting in 
foreshortening of the muscle, and a classic “claw hand” with 
flexion of the wrist, extension of the metacarpophalangeal 
joint, and flexion of the interphalangeal joints [90].

Management of extremity vascular trauma

With r espect t o p enetrating i njuries, e xperience h as b een 
drawn m ostly f rom m ilitary e xperiences. The m anagement 
varies little between blunt and penetrating injuries, however. 
Tourniquets, t emporary shunting, a nd fasciotomies have a ll 
been performed with high limb-salvage rates and preservation 
of function. Tourniquets have most frequently been applied by 
paramedics in the field prior to arriving to the hospital, without 
adversely impacting limb salvage rates [91] and are most use-
ful for proximal injuries that cannot otherwise be controlled.

Proximal s hunts a re m ost u seful a s t hey h ave a h igher 
patency rate [91], compared with distal shunts. Moreover, the 
proximal extremity vessels (axillary, subclavian, and brachial 
arteries, or the femoral and popliteal arteries) have fewer col-
lateral pathways, making shunts more essential to reducing 
ischemia t imes. S imilar to t he a dult e xperience, t emporary 
vascular s hunts d o not  re quire s ystemic a nticoagulation 
up t o 4 8 h ours [ 92]. The a uthors f avor t he u se o f J avidTM 
(10–17 Fr) or ArgyleTM (8–14 Fr) shunts with Rumel tourni-
quets, with the JavidTM shunts utilized for longer defects. The 
authors frequently utilize fasciotomy should ischemia t imes 

exceed 8 h ours, i deally p rior t o t he r epair o f t he a ffected 
extremity [3]. Arterial ligation is no longer the treatment of 
choice for vascular injury, particularly in c ivilian series [2]. 
However, l igation when necessary c an b e life saving and is 
still u tilized i n e xtreme c ases, w ithout p rohibitive r ates o f 
limb loss [6]. Limb loss is higher with more proximal injuries, 
with l igation of more d istal vessels (below t he elbow in t he 
upper extremity and below the knee in the lower extremity) 
relatively well tolerated due to collateral circulation.

Complex a rterial r econstructions a re u ncommon b ut 
have s hown p romising r esults i n t he p ediatric p opulation 
(Figure 1 3.9). I n a r etrospective w artime r eview b y D ua 
et al., 11 pediatric patients required arterial reconstruction 
with saphenous graft. On follow-up, the mean graft patency 
rate was reported at 84% at 22 days [7]. In a c ivilian study, 
Harris e t a l. i nvestigated t he e arly a nd l ate o utcomes f or 
children u ndergoing p eripheral b ypass f ollowing t rauma 
[22]. N ineteen p atients u nderwent a b ypass i n t his s tudy. 
Nine were available for long-term follow-up. There was no 
aneurysmal degeneration identified via duplex ultrasound. 
While seven patients were able to return to their daily activ-
ities, two patients continued to note difficulties up to 2 years 
after t heir s urgery. U nfortunately, t hese t wo i ndividuals 
were a lso noted to have significant orthopedic, nerve, and 
soft tissue injuries at the time of their initial trauma.

Autologous g rafts a re preferred when primary repair i s 
not feasible [9]. Synthetic conduits such a s P TFE (Gortex) 
can a lso b e u sed w hen n o o ther o ptions a re a vailable. 
According to A llen et a l., individuals who required a s yn-
thetic graft were often older, between the ages of 14 and 

TCH TRAUMA PRACTICE GUIDELINES

EXTREMITY TRAUMA: PENETRATING / BLUNT WITH POTENTIAL VASCULAR INJURY

Note: V ascular e xam s hould b e p erformed a nd n oted b efore a nd a fter f racture r eduction. A ll f ractures s hould b e e xpeditiously r educed i n 
the emergency room (unless operative reduction is indicated).
Note: Urgent Trauma service consultation is required for all patients with concern for vascular injury.

“Hard” signs of vascular injury (lack of pulse, pulsatile bleeding, bruit, thrill, expanding hematoma, signs of ischemia):
 ● Trauma attending to see STAT and will consult Vascular surgery or Plastic surgery as necessary
 ● Goal is surgical exploration within 6 hours of injury

“Soft” signs of vascular injury (history of arterial bleeding, diminished pulse, injury proximity to major artery, neurologic deficit)
 ● Obtain Trauma consult
 ● Perform Ankle-brachial index (ABI)

●

 
=

SBP

SBP

cuff on ankle affected limb

cuff onbiceps
ABI (lower extremity)

( )

( )

●

 

=
SBP

SBP

cuff on wrist distal toinjury

contralateral biceps
ABI (upper extremity)

( )

( )

 ● If ABI <0.9 or small child and ABI not possible or reliable → CT angio vs. formal angiogram

All patients with concern for vascular injury →
 ● Admit to Trauma for observation and serial vascular and compartment syndrome exams
 ● Follow compartment syndrome monitoring nursing protocol (q2h checks)
 ● Trauma team to repeat ABI in 8–12 h
 ● If ABI still > 0.9 and no evidence of compartments syndrome: OK to discharge
 ● If ABI now < 0.9: reevaluation by trauma attending

Figure 13.8 Texas Children’s Hospital Trauma Practice Guidelines for the evaluation of suspected extremity vascular injury.
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17 years of age [93]. A 6 -mm or a t apered 6-mm to 4-mm 
graft was u sed i n t he r epair o f l ower e xtremity v essels. 
A 5-mm PTFE graft was used in the repair of the a xillary 
artery while a 4 -mm graft was used in the repair of a b ra-
chial a rtery. N evertheless, s ynthetic g rafts a re a ssociated 
with h igher r ates o f i nfection a nd t hrombosis w ith l ower 
long-term patency rates and should be avoided when possi-
ble [9]. In children who are expected to grow further, main-
taining a mild amount of laxity in the graft without kinking 
the g raft may b e p erformed, should a s ynthetic bypass b e 
absolutely necessary.

Endovascular repair of pediatric injuries in the periph-
ery i s r arely p erformed e xcept a s a t emporizing measure 
toward a more definitive procedure. No stents are cur-
rently F DA a pproved f or u se i n p ediatrics. O ff-label u se 
of a dult en dovascular d evices a bound i n s elect c enters. 
Similar to adults, stents, balloons, and coils can be placed 
in t he a xillary, b rachial, f emoral, a nd p opliteal a rteries 
[94,95]. Erratic patency [96], and inability to grow limit 
the u se o f en dovascular t echnologies i n p ediatrics. The 
caliber of the delivery systems is often too large for the 
pediatric population. The smallest covered stents available 
are the Jo StentTM (Abbott Vascular®) family of stents, and 
are d esigned t o t reat v essels b etween 2 .5 a nd 5 .0 m m i n 
diameter. These require a 6-Fr or 7-Fr system to pass, and 
have a m aximum length of 2 6 m m. S tents, w hen p laced, 
can be balloon expandable, such that they may be sequen-
tially expanded over time as the child grows. A variety of 
microcoils a nd m icrocatheters a re a vailable f or o ff-label 
use t o em bolize t raumatic p athologies s uch a s a rterio-
venous fistulae, p seudoaneurysms, or b leeding vessels i n 
inaccessible s ites. C are m ust b e t aken t o p revent d issec-
tion, as the vessels are prone to intense vasospasm. Similar 
to open vascular surgery, n itroglycerin (50 µg/mL) and 
papaverine (5 mg/mL) can be hand-injected to limit vaso-
spasm. Each must be injected very s lowly while carefully 
monitoring hemodynamics to prevent overdose.

Special cases of arterial extremity trauma: 
The “pink pulseless hand”

SCH f ractures c omprise 7 0% o f e lbow f ractures a nd a re 
associated w ith a 3 .2%–14.2% incidence of vascular injury 
[97]. G arland I II f ractures, w hich a re d isplaced f ractures 
resulting f rom a n e xtension i njury, a re p articularly h igh 
risk. R isk factors for vascular injuries w ith SCH include a 
history of a fall of more than 4 feet, a fall of more than four 
stairs, motor vehicle accidents, and athletic injuries.

The management of vascular injury in the context of SCH 
is relatively clear in most cases. Profound ischemia, with an 
absence of Doppler signals, cyanosis, and coolness that per-
sists after reduction of the fracture require exploration and 
repair of the defect found. Those with a palpable pulse that 
is restored after reduction do not need further intervention. 
A small minority, however, will present with a “pink pulse-
less hand” which appears well perfused, and have Doppler 
signals in the radial and ulnar distribution, but nonpalpa-
ble pulses. The management of the “pink pulseless hand” 
remains u nclear, resulting in v ariable recommendations 
from small case series [97–99].

Vasospasm f requently o verlaps w ith t rue a rterial i nju-
ries, a nd o ften c louds t he d iagnosis. A ngiography d oes 
not help d etermine which patients would benefit from 
revascularization [98]. V alentine e t al. e xplored 1 2 “ pink 
pulseless h ands” t hat p ersisted a fter S CH r eduction, a nd 
found e ight f ocal b rachial a rtery t hromboses. These w ere 
repaired with focal thromboectomy, short segment bypass, 
and a ngioplasty. F our o f 1 2 b rachial a rteries w ere s imply 
entrapped with the median nerve, with resumption of nor-
mal p atency a fter l ysis o f t he b ands t hat w ere en trapping 
the brachial artery [99]. Long-term outcomes appear excel-
lent. In a s eparate series of 12 “pink-pulseless” extremities 
after SCH, t here was 100% patency of a rterial reconstruc-
tions after a mean follow-up of 14 years [98]. The authors 
tend t o f avor e xploration f or “ pink p ulseless h ands” a fter 
reduction of SCH, though data regarding the conservative 
management of this pathology remain unclear. This is due 
to the excellent reported durability of repairs, with minimal 
associated m orbidity. M oreover, w hile c omplications such 
as limb-length discrepancy and Volkmann’s contracture are 
extremely r are, t hey a re d evastating a nd d ifficult t o t reat. 
Repairs i nclude p atch a ngioplasty, i nterposition g rafting, 
primary repair, and lysis of constrictive bands. After repair, 
nitroglycerin is applied to alleviate vasospasm and Doppler 
signals a re reassessed. In t he authors’ experience, comple-
tion intraoperative ultrasound is a helpful adjunct to assess 
that the quality of the repair is excellent.

Conclusions

The rarity of pediatric vascular t rauma a nd t he paucity of 
outcomes data belie the catastrophic potential of these inju-
ries if poorly managed. Care by a multidisciplinary team is 
critical to optimize outcomes. Pediatric trauma occurs in 

Figure 13.9 Primary repair of a brachial artery transec-
tion with a short segment of reversed greater saphenous 
vein graft sewn in with interrupted 7-0 prolene sutures on 
either end. Note also the transection of the median nerve.
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a b imodal d istribution, w ith p eak i ncidences i n t he t od-
dler age group and the late teenage age group. The mecha-
nisms of i njury a re more f requently blunt, w ith extremity 
injuries o ccurring m ost f requently. M uch o f t he c are f or 
specific i njuries i s e xtrapolated f rom t hat o f t heir a dult 
counterparts, w hich applies to t he l ate t eenage g roup, but 
often not to younger children. Unique features of the man-
agement of pediatric trauma include consideration for the 
growth potential of children, as well as the ability of vaso-
spasm to complicate diagnosis as well as intervention. Due 
to t he small size and vasospasm, interventions are l imited 
to children of sufficient size, typically greater than 12.5 kg, 
or greater than 2.5 years. Additionally, endovascular tech-
nologies, i ncluding d evelopment o f s maller en dovascular 
technologies, a re c urrently l imited i n children a s t hey a re 
designed mostly for adults. Development of smaller endo-
vascular devices represents a significant unmet need merit-
ing future research. Due to the rarity of vascular trauma, as 
well as the longevity of the patients, multicenter registries 
with long follow-up will be required to clarify optimal man-
agement in pediatric vascular trauma.
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Anesthesia for pediatric trauma

YANG LIU and DAVID A. YOUNG

Introduction

Traumatic injuries to children are the most common cause 
of d eath i n t he United S tates for c hildren a bove 1 y ear o f 
age; t his w ill account for approximately 20,000 deaths per 
year [1]. A nesthesiologists h ave a n i mportant r ole i n t he 
perioperative management of pediatric patients w ith t rau-
matic injuries. ἀ e care of these patients presents unique 
challenges for the anesthesiologist, especially for those who 
do n ot r outinely t ake c are o f p ediatric pa tients. I n a ddi-
tion, many injured children are treated in facilities without 
trauma center designation or expertise in caring for pediat-
ric patients [2,3].

Pediatric pa tients w ith t raumatic i njuries c an v ary i n 
complexity ranging from an adolescent with a s imple, iso-
lated elbow fracture to an infant with a life-threatening 
epidural hematoma requiring emergent surgery. Trauma 
patients m ay p resent i n u nstable, r apidly c hanging, a nd 
unpredictable c ircumstances. Pat ient i nformation m ay b e 
limited o r u nknown i ncluding i mportant d etails suc h a s 
past medical h istory, past surgical h istory, a nd drug a ller-
gies. A lthough t he g eneral pr inciples of  r esuscitation f or 
pediatric t rauma pa tients a re similar to t hose f or a dults, 
effective management of t he pediatric t rauma patient a lso 
requires u nderstanding o f t he a natomical, p hysiological, 

developmental, a nd emotional d ifferences t hat d istinguish 
children from adults.

ἀ e management of pediatric t rauma patients t ypically 
includes t he pa rticipation o f a m ultidisciplinary t eam. 
Anesthesiologists p erform a f undamental r ole w ithin t his 
team i n m any c apacities. A nesthesiologists m ay b e su m-
moned u nexpectedly t o t he e mergency d epartment ( ED) 
to assist with airway management as well as the unplanned 
emergent operative cases. In order to provide effective care 
to t he p ediatric t rauma pa tient, a nesthesiologists m ust 
become proficient with the immediate evaluation and resus-
citation o f t he p ediatric t rauma pa tient a nd c ontinue t his 
process throughout the perioperative period.

ἀ is chapter provides a p ractical review of the anesthe-
sia management of the pediatric trauma patient during a ll 
phases of the perioperative period including patient evalu-
ation, emergency a irway management, r esuscitation, and 
postoperative pain management. ἀ is chapter is intended 
to supplement principles in the widely accepted Advanced 
Trauma Life Support (ATLS) program [4], which was devel-
oped by t he American College of Surgeons Committee on 
Trauma as well as the resuscitation of the pediatric patient 
included in the Pediatric Advanced Life Support (PALS) 
course created by the American Academy of Pediatrics and 
the American Heart Association (AHA) [5].
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Initial evaluation and considerations for the 
pediatric trauma patient

Anesthesiologists should be familiar with the initial evalu-
ation and management of pediatric traumatic injuries in 
order to continue this care effectively into the perioperative 
setting. ἀ e anesthesiologist may become involved in patient 
care during the Primary Survey commencing right from the 
patient’s arrival. ἀ is may be due to institutional policy requir-
ing automatic anesthesiology response for all trauma patients 
or to assist with emergency airway management. During the 
Primary Survey, the anesthesiologist should briefly attempt to 
obtain a focused history, if time permits, as well as other fac-
tors including past medical history, past surgery history, drug 
allergies, a nd medications taken. Due to advances i n health 
care, patients with comorbid conditions such as repaired con-
genital heart disease, syndromes associated with difficult air-
ways, as well as common medical conditions such as asthma 
and diabetes mellitus may present with a significant traumatic 
injury. Obtaining a relevant prehospital report, including the 
treatment received before arrival at the ED, will also provide 
important information for effective perioperative care. Prompt 
evaluation followed by appropriate intervention(s) is the key 
for effective management of the pediatric trauma patient.

ἀ e prioritizing of the initial management of a pediatric 
trauma patient follows the common order of “ABCs,” which 
is utilized by most a nesthesiologists for t he i nitial evalua-
tion of any critically i ll patient. In addition, recognition of 
the ATLS guidelines currently being performed may guide 
system u tilization m ore e ffectively. F or e xample, a n a nes-
thesiologist recognizes that a patient has a positive focused 
abdominal sonography for trauma (FAST) exam; this finding 
will most likely result in transfer to the operating room. ἀ is 
increased situational awareness can result in more efficient 
and effective medical care from the individual physician and 
the system as a whole.

Most t rauma p rograms u tilize t he p rinciples o f ATLS, 
a multilayered assessment system which includes Primary, 
Secondary, a nd Tertiary su rveys [6]. ἀ e ATLS g uidelines 
provide a n o rganized a pproach t o t he i nitial e valuation 
and m anagement f or a ll t rauma pa tients. ἀ e P rimary 
Survey can be easily remembered as “ABCDE” (Figure 14.1). 
By u sing t hese g uidelines, c onsequences f rom t raumatic 

injuries w ill b e p romptly i dentified a nd l ife-threatening 
injuries will be prioritized and treated first.

ἀ e sequence of the Primary Survey can be remembered 
as “ABCDE” and includes A (airway), B ( breathing), C (cir-
culation), D ( disability), a nd E ( exposure/environment). 
ἀ e A (airway) should be evaluated for patency and opened 
using a j aw-thrust t echnique i f o bstructed. I mmobilization 
of t he c ervical s pine s hould b e m aintained. S uctioning o f 
secretions f rom t he o ral a nd/or n asal c avities m ay a lso b e 
required. ἀ e patient’s B ( breathing) and ventilation should 
be evaluated a nd i mmediate i ntervention should take place 
as necessary. C (circulation) is evaluated by peripheral pulses, 
blood pressure, sensorium, and skin turgor. Control of exter-
nal hemorrhage should also take place; this can typically be 
accomplished by  t he a pplication of  d irect pr essure t o t he 
area t hat i s b leeding. D ( disability) i s e valuated b y l ooking 
for potential neurological injuries. ἀ e Glasgow Coma Scale 
(GCS) i s p erhaps t he m ost c ommonly r ecognized s cale t o 
estimate the severity of neurological injury; a modified pedi-
atric v ersion h as a lso b een d eveloped. E ( exposure) o f t he 
entire patient should occur. E (environment) should consist 
of providing a heated treatment area to reduce hypothermia 
as well as evaluating for environmental threats such as chemi-
cal contamination of the patient. During the Primary Survey, 
the patient’s status may deteriorate after the initial resuscita-
tion. ἀ erefore, t he patient’s v ital s igns s hould b e regularly 
reassessed a nd t he providers should be prepared to resume 
resuscitation.

After the patient has been stabilized, the Secondary Sur-
vey may commence. ἀ e purpose of the Secondary Survey 
is to perform a head-to-toe evaluation including a complete 
history a nd p hysical e xamination; f requent r eassessment 
of a ll v ital s igns s hould a lso o ccur. L aboratory a nd i mag-
ing s tudies a re t ypically p erformed during t he S econdary 
Survey. If the patient decompensates during the Secondary 
Survey, the Primary Survey should be resumed immediately. 
ἀ e Tertiary Survey is usually performed after admission. It 
includes a c omplete history a nd physical examination fol-
lowed b y s erial pa tient a ssessments; m any c hildren w ho 
require a n urgent or emergent operation w ill receive t heir 
tertiary survey after surgery.

ἀ e GCS is the most commonly recognized scale to esti-
mate the severity of neurological injury. A GCS score of 8 
or less implies significant neurological injury and i f present, 
immediate p lacement o f a n a dvanced a irway ( i.e. t racheal 
intubation) is strongly recommended. ἀ e GCS and modifi-
cations of the GCS for younger children are often combined 
with t he Pediatric Trauma Score (PTS) for pediatric t rauma 
patient evaluation [7,8]. Age-Specific Pediatric Trauma Score 
(ASPTS) a nd R evised Trauma S core ( RTS) m ay b e u sed t o 
help t he t rauma t eam e stimate t he s everity o f t he pa tient’s 
condition a nd t he n eed f or t ransfer t o a p ediatric t rauma 
center [9–11] (Figure 14.2). Using t hese evaluation tools, t he 
anesthesiologist has an important role along with the surgeon 
in identifying surgical priorities, formulating an appropriate 
plan w ith t he su rgical t eam, a nd o ccasionally d etermining 
which procedures need to be performed first as well as which 

Airway maintenance with immobilization of the cervical spine

Circulation with hemorrhage control
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Figure 14.1 A graphic representation for the order, from 
top to bottom, of the Advanced Trauma Life Support 
management priorities during the primary survey. Airway 
(A), breathing (B), circulation (C), disability (D), and 
exposure/ environmental (E).
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procedures should be postponed until the patient’s condition 
becomes more stabilized.

Once the determination has been made that the pediatric 
trauma patient requires operative intervention, the anesthe-
siologist should perform a p reoperative evaluation, i f t ime 
permits based on the patient’s medical stability, and should 
focus on the relevant items required (Table 14.1).

Anatomic and physiologic considerations in 
pediatric trauma patients

Many o f t he a natomic c hanges i n p ediatric pa tients 
directly i mpact a nesthetic m anagement  including 
increased  difficulty in obtaining a secure airway. Develop-
mental c hanges i n t he a natomy o f t he u pper  airway a re 
most  dramatic in children within the first 8 years of l ife. 
Several p hysiologic d ifferences i n c hildren, w hen c om-
pared t o a dults, a lso h ave s ignificant r elevance d uring 
anesthetic care.

Neonates a nd i nfants h ave l arger h ead-to-body r atios 
when c ompared w ith a dults. ἀ e l arge o cciput n aturally 
raises t he h ead i nto t he “ sniffing” p osition, w hich m ay 
result in airway obstruction [12]. Compared to an adult, the 
pediatric airway has several characteristics relevant to anes-
thetic management (Figure 14.2).

From a p hysiological s tandpoint, c hildren, o n a p er 
kilogram basis, have a b asal metabolic r ate t hat i s s ignifi-
cantly h igher t han a dults. ἀ eir b asal o xygen c onsump-
tion ( 4–6  mL/kg o f o xygen p er m inute) i s s ignificantly 
higher than adults (2–3 mL/kg of oxygen per minute) [13]. 
Children also have disproportionately decreased functional 
residual capacity when compared with adults. Both of these 
characteristics contribute to the development of hypoxemia 
more rapidly than in an adult. Infants have noncalcified ribs 
and poorly developed chest wall musculature. ἀ ese charac-
teristics r esult i n p redominantly d iaphragmatic b reathing 
and an overall increased work of breathing. ἀ e lack of cal-
cification to the ribs results in decreased protection and an 
increased likelihood of great vessel, cardiac, and pulmonary 
injuries from a significant force delivered to the thorax.

ἀ e c ardiac o utput i n i nfants a nd c hildren i s m ore 
dependent on heart rate than in adults. Cardiac output can 
be c alculated b y multiplying h eart r ate b y s troke v olume. 
Infants and children are less effective in augmenting cardiac 
output by changes to stroke volume; their main mechanism 
is t hrough i ncreasing t he h eart r ate. I n a ddition, i nfants 
and children typically have a resting heart rate higher than 
adults. However, i nfants a nd c hildren a re t ypically a t l ow 
risk for the development of myocardial ischemia due to pro-
longed tachycardia.

Airway management

ἀ e g oals o f a irway m anagement i n t he p ediatric t rauma 
patient include achieving adequate oxygenation and venti-
lation along with protection of the patient’s airway reflexes. 
ἀ e first priority w ithin t he Primary Survey is to evaluate 
and m aintain t he i ntegrity o f t he a irway. I f t he pa tient’s 
condition p ermits, a c omprehensive a irway e valuation 
should be performed. In the conscious child, the ability to 
vocalize is reassuring and may suggest a pa tent a irway. In 
the unconscious child, the airway must be assessed quickly 
to c onfirm i f b reathing i s p resent. I f t he pa tient h as a n 
obstructed airway, performing a jaw-thrust maneuver may 
reduce o r e liminate t he a irway o bstruction [14]. A n o ro-
pharyngeal a irway m ay a lso b e c onsidered to t emporarily 
maintain upper airway patency until a definitive airway has 
been established. A nasopharyngeal airway should be used 
with caution particularly if midfacial injuries are suspected. 
Suctioning should also be considered if secretions are pres-
ent. Verifying that airway obstruction is not related to inap-
propriate placement of the cervical collar is also indicated.

If t he a irway c annot b e m aintained d espite t hese r ela-
tively simple maneuvers or if other indications for intubation 
are present such as a GCS <9, immediate tracheal intubation 
is usually required. ἀ e typical indications for tracheal intu-
bation in the pediatric trauma patient include [15]:

 1. Apnea
 2. GCS <9
 3. Unstable midface trauma
 4. Airway injuries

Table 14.1 List of suggested items that should be 
obtained during a preoperative evaluation of the 
pediatric trauma patient categorized by items that 
occurred prior to the injury (preinjury) and since the 
injury occurred (current)

Preinjury items Current items

Medical history Vital signs

Surgical history Airway/C-spine evaluation

Drug allergies Planned surgical procedure(s)

Current medications List of known injuries

Fasting time Treatment(s) since arrival

Anesthetic history Relevant laboratory/imaging 
results

Relatively larger head–body ratio

Proportionately larger tongue

Larynx more superior and anterior

Epiglottis floppier and rounder

Cricoid cartilage—the narrowest
part of airway

Figure 14.2 The key anatomical characteristics of the 
pediatric airway.
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 5. Large flail chest segment(s)
 6. Inability to otherwise maintain acceptable ventilation 

and/or oxygenation
 7. Severe cardiovascular instability

ἀ e choice of tracheal intubation technique depends on 
many factors including the patient’s condition as well as the 
provider’s t raining, p reference, a nd e quipment av ailability. 
ἀ e anesthesiologist should initially assume that most pedi-
atric trauma patients have a cervical spine injury and are at 
increased r isk for pulmonary aspiration of gastric contents 
[16]. Physical examination of t he head a nd neck should be 
performed, i f feasible, prior to performing airway manage-
ment. A lthough s everal p redictors o f a d ifficult a irway i n 
adults h ave b een r eported, n one h ave b een r eliably e stab-
lished i n c hildren. H owever, p hysical e xamination o f t he 
airway in children should attempt to identify characteristics 
that h ave a n i ncreased a ssociation w ith a d ifficult a irway 
such as decreased mouth opening, reduced neck extension, 
and the presence of congenital disorders (Table 14.2) [17–19].

Before a irway m anagement i s p erformed, t he a nesthe-
siologist m ust e nsure t hat t he p roper e quipment i s p res-
ent a nd f unctioning, i ncluding l aryngoscope b lades a nd 
handles, suc tion, monitors, t racheal t ubes of several s izes, 
and a t racheal tube stylet. All monitors should be properly 
functioning, a nd a t a m inimum, t he p ulse o ximeter a nd 
blood pressure c uff should be applied prior to medication 
administration. ἀ e size of the laryngoscope blade for tra-
cheal i ntubation i s t ypically s elected b ased o n t he c hild’s 

age. A straight Wisconsin or Miller blade is commonly used 
in children up to 10 years of age; a curved Macintosh blade 
is commonly used in older children and adults. Additional 
equipment and appropriate sizes may be determined using 
common b edside r eferences or with the Broselow® tape. 
ἀ e B roselow p ediatric e mergency t ape i s a c ommercially 
available (Armstrong Medical Industries, Lincolnshire, IL) 
product that has a reference color range when placed length-
wise n ext t o t he pa tient. E ach c olor r ange c orresponds t o 
a l ist of equipment sizes and medication doses to perform 
emergency resuscitation including tracheal intubation.

Cuffed tracheal tubes are increasingly popular, replacing 
uncuffed tubes in most infants and children [20]. Advantages 
of cuffed tracheal tubes include reduced placement attempts, 
improved monitoring of respiratory gases, enhanced ability 
to v entilate pa tients r equiring h igh a irway p ressures, a nd 
decreased r isk o f p ulmonary a spiration. ἀ e c uffed t ube 
that corresponds to the correctly sized uncuffed tube is 0.5 
mm i nternal d iameter (ID) smaller t han t he latter. Several 
methods are available for estimating the appropriate size for 
an uncuffed or a cuffed endotracheal tube in children. A 3.0 
(ID in mm) tube should be used in neonates up to the age of 
3 months, a 3 .5-mm tube up to the age of 9 m onths, and a 
4.0-mm tube for ages 10–18 months. ἀ ereafter, the size of 
a cuffed tracheal tube can be calculated with the following 
formula: ID size (mm) = (age in years/4) + 3 [21].

After a irway m anagement h as o ccurred o r i f a pa tient 
arrives with a tracheal tube in place, verification of the tra-
cheal tube should occur immediately. Clinical methods of 

Table 14.2 Risk factors for a potential difficult airway in pediatric patients categorized by physical examination findings, 
congenital disorders, and acquired traumatic conditions

Physical examination 
findings Anatomic abnormality Congenital disorders

Acquired traumatic 
conditions

Airway obstruction Macroglossia Down syndrome, 
mucopolysaccaridoses 
(Hurler’s, Hunter’s 
syndromes), Beckwith–
Wiedemann syndrome

Airway edema Acute burns, facial injury, 
smoke inhalation, 
laryngeal and tracheal 
trauma

Decreased mouth opening Mandibular hypoplasia/
micrognathia

Pierre–Robin syndrome, 
Treacher–Collins syndrome, 
Goldenhar syndrome, 
achondroplasia

Microstomia Trisomy 18, Freeman–
Sheldon syndrome

Limited excursion of the 
mandible

Temporomandibular joint 
dysfunction

Mandibular fracture

Decreased neck movement Cervical spine disorder Down syndrome, Klippel–Feil 
anomaly

Cervical spine injury

Large neck circumference Obesity
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tracheal tube verification including the rise of the chest dur-
ing p ositive-pressure v entilation, a uscultation o f b ilateral 
breath sounds, a nd t he absence of breath sounds over t he 
epigastrium all are limited in their reliability. Measurement 
of end-tidal carbon dioxide concentrations is more reliable 
in confirming endotracheal tube position, a lthough u nder 
selected conditions, this monitor may also be unreliable and 
yield false positive results [22]. I f t he correct placement of 
a t racheal t ube i s u nclear, s trong c onsideration s hould b e 
given to verify the location of the tracheal tube by direct or 
indirect laryngoscopy; both techniques are equally consid-
ered very reliable.

It is important to mention that tracheal intubation in the 
prehospital setting may not occur due to multiple reasons. 
Unsuccessful p rehospital a irway m anagement f or p ediat-
ric patients may be due to training, experience, equipment, 
and environmental issues. Many prehospital providers (e.g., 
paramedics) have minimal initial training in pediatric air-
way m anagement s kills i ncluding t racheal i ntubation a nd 
do not typically have ongoing maintenance of these skills. 
Recent guidelines have suggested that avoidance of a irway 
instrumentation i n t he p rehospital s etting m ay b e j ust a s 
effective as securing the airway for pediatric patients. For 
example, t he A HA, PALS g uidelines s tate t hat “Bag-mask 
ventilation can be as effective as ventilation through an 
endotracheal tube for short periods and may be safer” [23]. 
ἀ e 2010 PALS guidelines also state that “In the prehospital 
setting, ventilate and oxygenate infants and children with a 
bag-mask device, especially if transport time is short.” As a 
result, many emergency medical services (EMS) have poli-
cies containing a “scoop and run” philosophy for pediatric 
trauma patients that avoids definitive airway management 
if t he t ransport t ime i s s hort a nd e ffective b ag-mask ven-
tilation can be performed. In addition, many EMS policies 
contain provisions for the placement of supraglottic airway 
devices in l ieu of tracheal intubation if mask ventilation is 
difficult or tracheal intubation was unsuccessful.

Cervical spine immobilization

Cervical spine injuries should be suspected in all pediatric 
trauma pa tients u ntil p roven o therwise. A bout 2 %–5% o f 
all b lunt t rauma v ictims h ave a c ervical s pine i njury a nd 
7%–14% o f t hese a re u nstable [ 16,24,25]. P atients w ith 
severe head injuries (GCS < 9) are at increased risk for cer-
vical spine injuries [26,27]. ἀ is potential for cervical spine 
injuries m ay m ake a irway m anagement m ore c hallenging 
in the trauma patient mostly due to reduced neck extension. 
Neck flexion or extension for any reason including tracheal 
intubation may worsen preexisting cervical spine i njuries. 
Manual in-line immobilization of the cervical spine reduces 
this movement by 60% and may prevent neurological defi-
cits after direct laryngoscopy [28–30].

Special a ttention s hould b e given to the mechanism of 
injury, l evel o f c onsciousness, g ross n eurological d eficits, 
and t he p resence o f m idline c ervical t enderness. I f n eck 
tenderness, decreased sensorium, or a neurological deficit is 

present, one must assume that a cervical spine injury exists. 
A computed t omography (CT) scan of the cervical spine 
may be helpful i n t he identification of lesions t hat a re not 
visible on plain radiographs. However, spinal cord injury 
without r adiographic a bnormality (SCIWORA) i s a f unc-
tional i njury t hat has been estimated to occur i n approxi-
mately 25%–50% of pediatric patients with spinal cord 
injuries. S CIWORA c an b est b e d iagnosed w ith m agnetic 
resonance imaging (MRI).

ἀ e c ervical s pine c annot b e c leared b ased s olely o n 
diagnostic imaging; cervical spine imaging must be used in 
conjunction with a clinical examination. MRI of the cervi-
cal spine may be indicated in the postoperative period if the 
cervical s pine c annot b e c leared b y ph ysical e xamination 
(i.e., pa tient r emains u nconscious, pa tient u ncooperative 
with e xam, p resence o f d istracting i njuries). I t i s s trongly 
recommended t o i ncorporate m anual i n-line i mmobiliza-
tion of t he cervical spine d uring a ll airway management 
techniques i n a ll pediatric t rauma patients u nless t he cer-
vical spine has b een c leared prior to a irway management. 
No specific a irway management technique has b een dem-
onstrated to be superior in the management of the pediatric 
trauma patient with a suspected cervical spine injury [31].

Rapid-sequence induction and intubation

Regardless of the fasting time, all pediatric trauma patients 
should be assumed to have an increased risk for pulmonary 
aspiration of gastric contents due to several factors includ-
ing r ecent i ngestion, d elayed g astric e mptying c aused b y 
trauma, a nd t he p revious a dministration o f o pioids [ 32]. 
Pulmonary aspiration of gastric contents is associated with 
a significant increase in morbidity and mortality. A r apid-
sequence induction and intubation (RSI) is commonly per-
formed for p ediatric t rauma patients a s long a s a d ifficult 
airway is not suspected [33,34].

ἀ e RSI technique consists of preoxygenation with 100% 
oxygen, placement of cricoid pressure, followed by the bolus 
administration o f a n i nduction a gent suc h a s e tomidate, 
ketamine, or propofol, and a neuromuscular blocking agent 
such as succinylcholine or high-dose rocuronium, followed 
by l aryngoscopy a nd tracheal i ntubation. A n RSI a irway 
management t echnique first i nvolves preoxygenation w ith 
100% oxygen to help reduce the rate and severity of hypox-
emia d evelopment d uring t he a pnea a nd d ecreased v enti-
lation occurring throughout a irway management. Positive 
pressure v entilation b efore t racheal i ntubation d uring a 
rapid-sequence i nduction i s a voided t o r educe t he r isk o f 
stomach i nsufflation f ollowed b y g astric r egurgitation. 
Cervical spine immobilization is also performed during RSI 
for most trauma patients.

Despite common acceptance of RSI, there has been signif-
icant disagreement regarding many aspects of this method 
[35]. E vidence-based d ata su pporting t he R SI t echnique 
are l acking [ 36]. R SI i s a ssociated w ith p roducing r apid 
and significant degrees of hypoxemia. ἀ e anesthesiologist 
must balance the risks and benefits of an RSI with those of 
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other a irway management techniques. ἀ e decision to uti-
lize RSI assumes that the anesthesiologist has completed an 
airway evaluation a nd predicts t hat t he i ntubation w ill be 
straightforward and that mask ventilation while maintain-
ing cricoid pressure will be adequate as a backup if tracheal 
intubation is unsuccessful. It is important to ensure that the 
correct location of the cricoid cartilage has been identified 
and to apply an adequate amount of pressure to it. Excessive 
pressure m ay w orsen t he v isualization o f t he l arynx a nd 
make tracheal intubation technically more difficult.

For t he pa tient w ith a p otential d ifficult a irway, R SI i s 
contraindicated since an unsuccessful RSI attempt will 
require bag-mask ventilation, which may i ncrease t he r isk 
of p ulmonary a spiration a s w ell a s t he i nability t o a de-
quately ventilate and oxygenate the patient. In these situa-
tions, the urgency of securing the airway takes priority over 
the risks associated with aspiration of gastric contents. Such 
cases may be managed by utilizing a n “awake” i ntubation 
approach, which may i nclude topical a nesthesia a nd seda-
tion medications combined with the following techniques: 
(1) “awake intubation” under direct laryngoscopy or rigid 
bronchoscopy, ( 2) i ndirect l aryngoscopy u sing e ither a 
fiberoptic b ronchoscope ( FOB) o r v ideo l aryngoscope, (3) 
supraglottic a irway d evice u sed a s a c onduit f or t racheal 
intubation with or without FOB, or (4) surgical techniques 
such as a needle cricothyrotomy or awake tracheostomy.

In a n onemergent situation, the FOB is perhaps consid-
ered t he gold s tandard approach for d ifficult a irway man-
agement. F OB c an b e v ery h elpful e specially i n c hildren 
with limited mouth opening, neck movement (common in 
the trauma patient with a c ervical collar in place), or with 
associated congenital syndromes that make direct laryngos-
copy difficult or impossible. Such approaches are potentially 
advantageous since the main goal of all these airway man-
agement techniques is to maintain spontaneous ventilation 
and perhaps a llow t he option of aborting t he procedure i f 
unsuccessful. However, it should be emphasized that these 
airway techniques can be challenging in small children or 
patients with copious secretions or blood in the pharynx. 
In a ddition, l arge a mounts o f s edation t o a chieve e ffec-
tive pa tient c ooperation d uring a irway i nterventions may 
approach levels o f general a nesthesia a nd produce s ignifi-
cant respiratory depression and airway obstruction.

Another strategy for airway management in the patient 
with a suspected difficult airway is to anesthetize the child 
by f acemask w ith a n i nhaled a nesthetic a gent, suc h a s 
sevoflurane i n 100% oxygen, c ombined w ith c ricoid pres-
sure. Once t he child is t hought to be a nesthetized, a irway 
management can be performed using any of the previously 
mentioned techniques while the child continues to breathe 
spontaneously. I n a ddition t o u sing a n i nhaled a nesthetic 
agent, a t otal intravenous anesthetic (TIVA) could be sub-
stituted using medications such as propofol and/or dexme-
detomidine w hile m aintaining s pontaneous r espirations 
during instrumentation of the airway. Ketamine also offers 
potential a dvantages i n t hat i t p rovides s edation w hile 

maintaining s pontaneous r espirations b ut i t c an i ncrease 
oral secretions making visualization more challenging.

In e mergency s ituations, b lind p lacement o f a su pra-
glottic a irway d evice suc h a s a l aryngeal m ask a irway 
(LMA) i s r ecommended a s pa rt o f t he A merican S ociety 
of Anesthesiologists Difficult Airway Algorithm. ἀ e LMA 
does not protect the airway from tracheal aspiration of gas-
tric contents but i t m ay be u sed a s a c onduit to facilitate 
either a blind or fiberoptic intubation of the trachea as well 
as p roviding a dequate v entilation. ἀ e d evelopment o f a n 
LMA with a modified cuff and drainage tube designed spe-
cifically for emergency airway management may make this 
process even safer for patients who weigh more than 5 kg 
because evacuation of the stomach may be performed via a 
separate channel. A nother t ype of LMA product has been 
designed t o b lindly p lace a n i ntegrated t racheal t ube i nto 
the t rachea f rom w ithin t he supraglottic a irway. However, 
this is only of benefit in children larger than 30 kg since 
pediatric versions are not currently available.

ἀ e number o f a ttempts a t c onventional d irect l aryn-
goscopy s hould b e m inimized t o a void b leeding a nd 
laryngeal edema. If attempts at conventional laryngoscopy 
fail, o ther nonsurgical i ntubation t echniques for t he d if-
ficult a irway (i.e., LMA, FOB) should be strongly consid-
ered. If these also are ineffective, mask ventilation should 
continue until t he child resumes spontaneous ventila-
tion and awakens or a su rgical airway can be established. 
Anesthesiologists c aring f or p ediatric t rauma p atients 
should always expect and be prepared for a potential diffi-
cult tracheal intubation. ἀ ey should acquire competency 
in other airway management techniques that may be used 
as r escue t echniques i n c ase o f u nsuccessful t raditional 
direct laryngoscopy. A suggested algorithm for managing 
an u nexpected d ifficult a irway d uring a r apid-sequence 
induction is illustrated in Figure 14.3.

Common medications used in pediatric 
patients for rapid-sequence induction

Anesthetic medications are typically administered to pedi-
atric trauma patients who require tracheal intubation, except 
for patients in severe shock or cardiorespiratory arrest [37]. 
ἀ e selection of medications for RSI depends on the hemo-
dynamic s tability, n eurological s tatus, a nd t he pa tency o f 
the airway as well as the preferences of the anesthesiologist. 
ἀ e goals of selecting a medication regimen for emergency 
tracheal intubation are to produce unconsciousness, create 
ideal i ntubation c onditions, a nd m aintain h emodynamic 
stability. A comprehensive plan should be developed to con-
sider a ll relevant perioperative factors that will impact the 
selection o f t hese m edications. F or e xample, a n a mnestic 
agent, suc h a s m idazolam, m ay b e c onsidered t o a lleviate 
substantial fear and anxiety prior to commencing the RSI. 
In addition, a patient with a suspected head injury requires 
medications, such as fentanyl, to blunt sympathetic stimula-
tion from tracheal intubation in order to mitigate increases 
to i ntracranial p ressure ( ICP) d uring i ntubation. Typical 
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medications utilized for an RSI in pediatric trauma patients 
along w ith t heir doses, advantages, a nd d isadvantages a re 
listed in Table 14.3.

A t ypical m edication r egimen i ncludes a n a nesthetic 
induction m edication i n c ombination w ith a  ne uromus-
cular b locking a gent t o p rovide r apid a nd o ptimal c ondi-
tions for tracheal intubation [38–42]. For critically ill and 
hemodynamically unstable children, propofol m ay pro-
duce profound hypotension due to myocardial depression 
and vasodilation; therefore, it should be avoided or used at 
reduced doses. Medications such as etomidate or ketamine, 
which are less likely to produce hypotension, should be 
considered in this situation. Conversely, inadequate dosing 
of t hese m edications m ay c ause s evere h ypertension a nd 
tachycardia during s timulating procedures such a s a irway 
management.

Succinylcholine i s a c ommon c hoice f or a n euromus-
cular b locking a gent during R SI i n adults due to i ts r apid 
onset o f a ction a nd u ltrashort d uration [43]. H owever, i n 
patients with several conditions including muscular dystro-
phy, prolonged immobilization, burns, crush injuries, upper 
and lower motor neuron lesions, succinylcholine may cause 
severe hyperkalemia and subsequent cardiac arrest [44,45]. 
Succinylcholine i s a lso a t riggering a gent f or m alignant 
hyperthermia in susceptible patients [46]. ἀ e use of succi-
nylcholine for tracheal intubation in children has lost popu-
larity a mong p ediatric a nesthesiologists d ue t o p revious 
reports of cardiac dysrhythmias and hyperkalemic cardiac 
arrest, which resulted in the Federal Drug Administration 
issuing a black box warning regarding the routine adminis-
tration of succinylcholine to children. Of note, many of the 
patients who developed hyperkalemic cardiac arrest after 
receiving suc cinylcholine w ere su bsequently d iagnosed 
with various forms of muscular dystrophy.

Rocuronium is a nondepolarizing neuromuscular block-
ing a gent a nd a n a cceptable a lternative to suc cinylcholine 
during RSI. In contrast to succinylcholine, rocuronium for 
RSI, when compared to routine use, requires h igher doses 
to p roduce a s hortened o nset t ime with a cceptable i ntu-
bating c onditions. H owever, a dministering a l arger d ose 
results i n a p rolonged d uration o f n euromuscular b lock-
ade [46]. Rocuronium has vagolytic properties resulting in 
modest t achycardia, w hich m ay i mprove o verall h emody-
namic function because in most children cardiac output is 
dependent on heart rate. When a pediatric trauma patient 
does n ot h ave a su spected d ifficult a irway, r ocuronium i s 
the neuromuscular blocking agent selected by many, if not 
most, pediatric anesthesiologists.

Opioids a re a lso o ccasionally u tilized d uring R SI t o 
minimize t he s ympathetic r esponse t o l aryngoscopy a nd 
tracheal i ntubation, e specially i n t he s etting o f t raumatic 
brain injury (TBI). Fentanyl is one of t he most commonly 
used medications due to its rapid onset and short duration 
of action [47]. Local anesthetics, such as lidocaine, may also 
be a dministered t o m inimize t he s ympathetic r esponse 
from s timulation o f a irway r eflexes d uring l aryngoscopy 
and tracheal intubation.

Cardiopulmonary resuscitation

Trauma i s o ne o f t he l eading c auses o f c ardiac a rrest in  
children beyond 1 year of age [48]. In contrast to adults, 
cardiac di sease i s t ypically n ot a p rimary c ause o f c ar-
diac a rrest in t he p ediatric p atient. M ore o ften, c ardiac 
arrest in c hildren i s t he t erminal r esult o f r espiratory 
failure a nd/or s hock, f ollowed b y b radycardia a nd u lti-
mately c ardiac a rrest [ 49]. F or t he p ediatric t rauma 
patient p resenting in c ardiac a rrest, h ypovolemic s hock 

The unexpected difficult intubation

Call for help
Di˜e rent intubation technique (fiberoptic,

indirect video laryngoscope, and other
noninvasive intubation devices)

Face mask

Succeed

Succeed

Succeed

Temporary
airway

Succeed

Definitive
airway

Fail Fail

Awaken patient
Repositioning, oral/nasal

airways, two-person
ventilation, etc.

Fail

Awaken patient

Supraglottic airway

Fail

Surgical airway (cricothyrotomy or tracheostomy)

Figure 14.3 Suggested algorithm for managing an unexpected difficult airway during a rapid-sequence induction.
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due t o h emorrhage a nd dir ect in jury t o t he h eart, c hest, 
and/or great vessels are the most likely causes. ἀ e AHA 
PALS p rogram p rovides a s tructured a pproach t o t he 
effective assessment, resuscitation, and team dynamics 
of the critically i ll pediatric patient [5]. Many of the gen-
eral principles found within the PALS program are simi-
lar in c oncept t o items w ithin the ATLS g uidelines. ἀ e 
PALS guidelines can b e utilized during resuscitation as a  
supplement t o ATLS t o p rovide a dditional s pecific m an-
agement s trategies s uch a s m edication a nd defibrillation 
treatment guidelines.

During the Primary Survey, a prompt assessment of the 
patient should occur to determine if the patient is breathing 
and if a pa lpable pulse is present. If the patient is found to 

be pulseless, chest compressions should be started immedi-
ately. ἀ e k ey c omponents o f Pediatric B asic L ife Support 
(BLS) are l isted i n Table 1 4.4. ἀ e t ype of e lectrocardio-
graphic rhythm should then be determined. Many types of 
cardiac rhythms including sinus tachycardia, asystole, and 
bradycardia may occur in pediatric trauma patients [49] as 
well as ventricular fibrillation (VF) and pulseless electrical 
activity (PEA) [50].

ἀ e most recent 2015 PALS Pediatric Cardiac Arrest 
Algorithm in corporates f our c ardiac r hythms t hat a re 
divided in to s hockable a nd n ot s hockable c ategories [ 5]. 
PEA and asystole comprise the nonshockable rhythms. VF 
and p ulseless ventricular tachycardia (VT) a re shockable 
rhythms.

Table 14.3 Dosages, advantages, and disadvantages of commonly utilized anesthetic medications in pediatric trauma 
patients during RSI

Medication
Intravenous 
dose (mg/kg) Advantages Disadvantages

Amnestic
Midazolam 0.05–0.2 Amnesia, anxiolysis, minimal 

respiratory depression, 
increases seizure threshold

Rarely may cause paradoxical agitation

Induction agents
Ketamine 1–2 Preserves hemodynamic 

stability; bronchodilation
Increased oral secretions and may increase 

intracranial pressure (ICP); may cause 
hypotension if catecholamine depleted; causes 
nystagmus

Propofol 1–3 Sedative-hypnotic; anti-
emetic properties; 
lowers ICP

May cause significant hypotension particularly if 
hypovolemic; painful on injection

Etomidate 0.2–0.3 Preserves hemodynamic 
stability; lowers ICP

Possible long-term adrenal suppression; painful on 
injection

Neuromuscular blocking agents
Succinylcholine 1–2 Rapid onset and ultrashort 

duration
May cause bradycardia, hyperkalemia, malignant 

hyperthermia; may increase intracranial, 
intraocular, and intragastric pressures

Rocuronium 0.6–1.2 Rapid onset at high doses 
with similar onset time as 
succinylcholine

Intermediate to long duration; vagolytic properties 
increase heart rate

Opioids
Fentanyl 0.001–0.003 Attenuates hemodynamic 

responses to tracheal 
intubation; preserves 
hemodynamic stability

Can cause bradycardia, respiratory depression, and 
chest wall rigidity; minimal sedation

Other
Atropine 0.01–0.02 Attenuates vagal response 

and reduces oral secretions
Tachycardia, flushed skin, sedation

Glycopyrrolate 0.01 Attenuates vagal response 
and reduces oral secretions

Tachycardia

Lidocaine 1–1.5 Attenuates hemodynamic 
responses to tracheal 
intubation

Can cause central nervous system and cardiac 
toxicity in large doses
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Defibrillation is the definitive treatment for VF with an over-
all survival rate of 17%–20% [ 51,52]. For shockable rhythms 
such as VF o r VT, defibrillate one time at 2 J/kg a nd resume 
cardiopulmonary resuscitation (CPR) immediately. Five cycles 
of CPR then follow (w hich t ypically takes 2 minutes). If the 
rhythm is still shockable, defibrillate once at 4 J/kg and imme-
diately resume CPR. After defibrillation, epinephrine is given 
every 3–5 m inutes. ἀ e d ose f or ep inephrine i s 10 m cg/kg 
(intravenous [IV ] o r intraosseous [IO]) and 100 mcg/kg if  
given via the tracheal tube. Five cycles of CPR then occur fol-
lowed by reevaluation. If the rhythm is shockable, defibrillate 
at 4 J/kg followed by resuming CPR. One then will administer 
a bolus of amiodarone 5 mg/kg IV or lidocaine 1 mg/kg. ἀ is 
cycle of one shock followed by five cycles of CPR is repeated 
until a d ecision i s m ade t o t erminate e fforts o r t he r hythm 
becomes not shockable. Pediatric paddles should be used for 
patients below 10 kg (<1 year of age).

For nonshockable rhythms such as asystole or PEA, an ini-
tial dose of 10 mcg/kg of epinephrine should be administered 
via the IV or interosseous route. If spontaneous circulation has 
not returned, further doses of epinephrine should be admin-
istered r epeatedly e very 3–5 m inutes w hile c hest c ompres-
sions are continued and reversible causes treated accordingly 
(i.e.,  tension p neumothorax, c ardiac t amponade, h ypovole-
mia). Emphasis on providing high-quality chest compressions 
should b e c ontinued w ith m inimal d elays. Additional PALS 
algorithms have also been developed for the management of 
unstable tachycardia and bradycardia [5].

Intraoperative considerations

Vascular access

Reliable v ascular a ccess s hould b e e stablished a s e arly a s 
possible. Obtaining venous access may be very difficult 
in p ediatric t rauma pa tients, e specially i f t he pa tient i s 
hypovolemic. C ommon s ites for p eripheral ve nous a ccess 
include t he d orsum o f t he h and a nd f oot, t he s aphe-
nous v ein, a nd t he c ephalic v ein w ithin t he a ntecubital 
fossa [ 51]. T wo l arge-bore I V l ines, a ppropriately s ized 
for age, are preferred; this will allow rapid infusion of 

medications, I V fluids, a nd blood products. For t he c riti-
cally i ll patient such as one i n shock or cardiopulmonary 
arrest, attempts at peripheral access should not be delayed. 
Ultrasound and other vascular access devices may be used 
to facilitate obtaining peripheral and central venous access. 
Ultrasound-guided techniques can a lso be used to obtain 
arterial line access.

ἀ e IO access is considered a reliable alternative for vas-
cular access and is effective in providing fluid resuscitation. 
IO l ines s hould b e s trongly c onsidered i f d ifficult v enous 
access occurs a nd can accordingly reduce s ignificant t ime 
delays w hen c ompared w ith o ther m ethods [ 52,53]. I O 
access g ains e ntry t o t he s ystemic c irculation a nd i s a n 
effective way to establish vascular access [54]. ἀ e preferred 
IO insertion sites are the anteromedial aspect of the proxi-
mal t ibia (most common), d istal t ibia, proximal humerus, 
and iliac crest (Figure 14.4) [55]. Any medication or solu-
tion ( e.g., c rystalloids, c olloids, a nd b lood p roducts) t hat 
can be given intravenously can also be administered via the 
IO route at the same doses. Laboratory samples may also be 
obtained f rom t he IO space. ἀ e onset of action and drug 
concentrations by way of the IO access are comparable with 
those given intravenously [56,57].

Fluid management

In p ediatric p atients, b lood p ressure m ay n ot b e a r eliable 
indicator of intravascular volume loss. Hypotension is a late 
sign of uncompensated shock that usually does not manifest 
until a s ignificant l oss o f intravascular volume (25%–35%) 

Table 14.4 The key components of pediatric basic life 
support

 1. Determine responsiveness and pulse, if palpable.
 2. Call for help and emergency equipment.
 3. If pulseless, promptly begin chest compressions 

(15:2 ratio compressions to breaths, if multiple 
rescuers):

  Compression rate goal of 100–120/min;
  Breathing rate goal of 12–20/min.
 4. Reevaluate patient every 2 min.
 5. Analyze heart rhythm when equipment arrives.
 6. Transition care to Advanced Life Support pro-

viders when available.

(a) (b)

(c) (d)

Figure 14.4 Suggested anatomical locations for place-
ment of an intraosseous vascular access line. (a) One 
finger’s breadth distal to the tibial tuberosity, (b) one 
centimeter superior to the medial malleolus, (c) the ante-
rior superior iliac spine, and (d) the greater tubercle of the 
humerus.
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has occurred [58]. Hypovolemia may remain unrecognized 
until after induction of anesthesia due to the administration 
of medications, which can cause rapid and severe cardiovas-
cular collapse.

Once va scular a ccess h as b een e stablished, t he t ype a nd 
amount of IV fluid and/or blood products administered must 
be individualized according to the nature of the injury and the 
patient’s needs. Both inadequate and excessive fluid resuscita-
tion may be detrimental to the traumatized pediatric patient. 
ἀ e patient’s hemodynamic status (i .e., heart rate and blood 
pressure) s hould b e f requently reevaluated p articularly after 
fluid a dministration t o d etermine t he r esponse t o t herapy. 
Initial fluid resuscitation typically involves administration of 
isotonic crystalloid solutions such as normal saline or lactated 
Ringer’s solution. Hypotonic and glucose-containing solutions 
are avoided for volume resuscitation s ince t hey may lead to 
hyponatremia and hyperglycemia and may also worsen cere-
bral edema. ATLS guidelines advise giving a fluid bolus of 20 
mL/kg of isotonic crystalloid. If the blood pressure is refrac-
tory a fter t wo fluid b oluses o f i sotonic cr ystalloid, s trong 
consideration should be given to the administration of blood 
products. ἀ e typical initial dose for administration of packed 
red b lood c ells i s 10 mL/kg . A c olloid s olution, s uch a s 5%  
albumin, has also been used for pediatric fluid resuscitation. 
Colloid solutions use smaller volumes of fluid to restore intra-
vascular volume when compared to cr ystalloids. Hypertonic 
saline has also been utilized for fluid resuscitation but has not 
been shown to have any beneficial effect when compared to 
standard crystalloid resuscitation. ἀ e optimal fluid therapy 
for t rauma r esuscitation in p ediatric p atients h as n ot b een 
established.

Massive transfusion

ἀ e s trategy o f a dministering b lood p roducts e arlier in 
the r esuscitation p rocess h as n ow b een e mphasized in t he 
updated ATLS g uidelines [ 59]. H owever, n o g uidelines o r 
ratios have been recommended regarding the use of specific 
blood p roducts s uch a s p lasma o r p latelets a mong p ediat-
ric patients. In spite of this, if the patient’s blood pressure is 
not improving after multiple fluid b oluses in cluding b lood 
products, strong consideration s hould occur f or emergent 
transfer to the operating room or the angiography suite for 
control of hemorrhage.

Massive transfusion protocols (MTPs) typically apply to 
situations in which 100% of the estimated blood volume is 
expected to be administered i n less t han 24 hours or 50% 
within 3 h ours. ἀ e e stimated b lood v olume f or p ediat-
ric patients can range f rom 75 mL/kg for an adolescent to 
100 mL/kg for a premature neonate. MTPs have been widely 
adopted b y m any h ospitals [ 60]. A ctivation o f t he M TP 
commonly r esults i n t he o ngoing a nd p rompt a vailability 
of several types of blood components including packed red 
blood cells, f resh f rozen plasma, a nd platelets. It i s prefer-
able to administer type-specific, cross-matched blood prod-
ucts. However, i f adequate t ime i s not available to acquire 

compatible blood products, the initial administration of 
uncrossmatched, type O packed red blood cells is indicated.

ἀ e administration of blood products can result in several 
detrimental conditions including hypothermia, transfusion 
reactions, a nd e lectrolyte di sorders. I n a ddition, p ediatric 
trauma patients are at greater risk than adults for the devel-
opment o f h ypothermia, w hich m ay r esult in d ecreased 
medication m etabolism, de layed em ergence, c oagulopa-
thies, a cid–base di sturbances, a nd c ardiac d ysrhythmias 
[61,62]. I deally, c ore t emperature s hould b e c ontinuously 
monitored and aggressively maintained using several meth-
ods including increased ambient operating room tempera-
ture and radiant heaters, forced-air warming devices, fluid 
warmers, and warmed irrigation fluids. Increased vigilance 
should occur during the administration of a ll blood prod-
ucts f or h emodynamic in stability (i .e., h ypotension) a nd 
signs o f a t ransfusion r eaction (i .e., h emolysis, b roncho-
spasm, and urticaria).

Anesthetic considerations for specific 
traumatic injuries

Traumatic brain injury

Head injuries are present in approximately 75% of trau-
matized c hildren a nd a ccount f or 7 0% o f t rauma-related 
deaths [63]. Most head trauma in children is minor and not 
associated with brain injury or long-term sequelae. Falls are 
the most common cause of head injury, followed by motor 
vehicle–related i ncidents. N onaccidental trauma i s one o f 
the leading causes of head trauma in children younger than 
2 years of age [64,65].

Patients w ith T BI m ay e xperience primary brain d am-
age at the time of initial trauma, as well as secondary brain 
injury. Conditions that c an cause s econdary b rain i njury 
include s evere h ypoxemia, h ypotension, c erebral e dema, 
intracranial h ypertension, h yper- a nd h ypoglycemia, a nd 
cerebral i schemia [ 66,67]. ἀ ese i njuries c an p roduce a n 
endogenous c ascade o f c ellular a nd b iochemical e vents 
resulting in cell damage or cell death [68]. ἀ e most impor-
tant anesthetic goal in the acute management of the pedi-
atric pa tient w ith T BI i s t o p revent t he d evelopment o f 
secondary brain injury.

Following pediatric TBI, cerebral autoregulation is likely to 
be impaired [69]. ἀ erefore, prompt airway control, adequate 
oxygenation and ventilation, and optimizing cerebral perfu-
sion pressure (CPP) are of the utmost importance to prevent 
secondary brain injury [70]. CPP is defined as the difference 
between the mean arterial pressure and the greater of ICP or 
central v enous p ressure (CVP). E xcessive h yperventilation 
(PaCO2<30 mmHg) will cause cerebral vasoconstriction and 
may result in cerebral ischemia [71] and is therefore avoided. 
Normal ventilation or perhaps moderate hyperventilation 
is recommended to selectively manage transient episodes of 
acute intracranial hypertension in order to prevent cerebral 
herniation [72,73]. Systemic hypotension is a strong predictor 
of morbidity and mortality after TBI [74]. Age-specific goals 
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of CPP > 40 mmHg for 0- to 5-year-olds and >50 mmHg for 
6- to 17-year-olds have been suggested [66,75].

Management s trategies f or i ncreased I CP i nclude t he 
administration of osmotic diuretics and hypertonic saline, 
raising the head of bed, drainage of cerebrospinal fluid, and 
hyperventilation. M annitol i s a c ommonly u sed o smotic 
diuretic in the management of ICP; however, studies dem-
onstrate lack of consensus on the best approach to manage 
increased ICP i n pediatric TBI [76]. In addition, mannitol 
may a ccumulate i n t he i njured brain, r everse t he o smotic 
shift, and exacerbate cerebral edema [77,78].

ἀ ere is l imited data regarding the preferred anesthetic 
management f or p ediatric T BI. A nesthetic i mplications 
for T BI i nclude maintenance of hemodynamic s tability i n 
order to preserve CPP. A n a nesthetic technique should be 
developed to avoid increased sympathetic stimulation while 
maintaining hemodynamic s tability. O ther c onsiderations 
for intraoperative management include obtaining appropri-
ate v ascular a ccess f or v olume r esuscitation, m aintaining 
an increased sense of vigilance for undiagnosed traumatic 
injuries, a s w ell a s a voiding h yperglycemia, h ypotension, 
and hypothermia. Anesthetic medications such as propofol 
and etomidate may be selected in order to reduce the cere-
bral metabolic rate for oxygen (CMRO2), decrease cerebral 
blood flow (CBF), and decrease ICP [79,80]. However, pro-
pofol may also cause significant hypotension resulting in the 
reduction of CPP and the development of secondary brain 
injury. All inhalational anesthetic agents decrease CMRO2, 
but may cause direct cerebral vasodilatation, resulting in an 
increase of CBF and ICP [81].

Anesthesia for thoracic trauma

Severe thoracic trauma in children is not common and usu-
ally t he r esult o f s ignificant b lunt f orce [ 82,83]. ἀ e c hest 
wall o f a p ediatric p atient i s r elatively c ompliant a nd m ay 
receive a considerable force without producing rib fractures. 
Consequently, t he a bsence o f r ib f ractures a fter s ignificant 
force to the chest is a p oor predictor of major injury to the 
lungs, great vessels, and heart [84]. More than 80% o f chil-
dren with significant thoracic injuries also have multisystem 
injuries resulting in an overall mortality rate of 26% [85].

One o f t he m ost c ommon t horacic t raumatic i njuries 
in t he p ediatric pa tient i s a p neumothorax; t his i njury 
may o ccur w ith t ension a nd h emothorax c omponents. 
Pulmonary contusions with or without associated rib frac-
tures may a lso be present. Depending on the severity, pul-
monary contusions may cause respiratory failure and may 
lead t o a cute r espiratory d istress s yndrome ( ARDS) [ 86]. 
Many pulmonary contusions will resolve within 7–10 days 
[87]. C ardiac i njuries m ay r esult i n c ardiac t amponade a s 
well as cardiac rhythm disorders. Patients with penetrating 
trauma may present emergently to the operating room; some 
may be definitively managed with placement of a chest tube 
in the ED. Approximately 20% of patients will also require 
surgical intervention due to abdominal injuries [85,88].

ἀ e a nesthesiologist needs to be prepared to manage a 
patient w ith s evere u nderlying p ulmonary c ompromise, 
massive blood loss, a nd/or c ardiac contusion. Anesthetic 
management may vary greatly based on the severity of the 
injury. Ideally, two IV catheters should be placed, prefer-
ably one above a nd one below t he d iaphragm. W hen t ho-
racic trauma is suspected, the possibility of pneumothorax 
should b e c onsidered. Positive pressure ventilation should 
be avoided i f possible i n children w ith a c linically s ignifi-
cant p neumothorax u ntil n eedle d ecompression o r c hest 
tube placement has been performed. A low level of positive 
end expiratory pressure has been advocated to reduce pul-
monary atelectasis and restore resting lung volumes during 
general anesthesia [89].

Anesthesia for abdominal trauma

Most a bdominal t rauma ( 85%) i n c hildren i s c aused b y 
blunt i njury; m any o f t hese pa tients a lso h ave m ultisys-
tem t rauma. C hildren h ave p roportionally l arger s olid 
organs and decreased a bdominal musculature; both t hese 
characteristics p redispose t hem t o i njury. ἀ e m ost c om-
mon life-threatening abdominal traumatic injuries involve 
disruption of t he spleen or l iver [90]. Intestinal injuries in 
children after blunt abdominal trauma are also possible and 
may require emergent surgery [91].

Anesthesia m anagement f or pa tients w ith a bdominal 
trauma should focus on t he r isk of pulmonary a spiration, 
especially f or pa tients r ecently c onsuming o ral c ontrast 
for r adiographic s tudies. F or h emodynamically u nstable 
patients, i ncluding t hose w ith i nternal bleeding a nd t hose 
without a dequate r esuscitation, k etamine o r e tomidate 
should b e s trongly c onsidered a s t he medications for R SI. 
Maintenance o f a nesthesia t ypically c onsists o f a c om-
bination of inhalational anesthetic agents, neuromuscu-
lar b locking a gents, a nd o pioids. N itrous o xide s hould b e 
avoided due to the potential for expanding air-filled spaces 
[92]. A n o ral o r n asogastric t ube s hould b e c onsidered t o 
reduce abdominal distension.

Postoperative considerations

After surgery, many children with major traumatic injuries 
will require critical care support in the intensive care unit 
(ICU) w ith o r w ithout p lanned p ostoperative m echanical 
ventilation. S uccessful extubation in the operating room 
immediately a fter su rgery i s d ependent o n h emodynamic 
stability, p reexisting i njuries, a dequate o xygenation a nd 
ventilation, a nd n eurological f unction [ 93]. F or pa tients 
requiring ICU c are, a d etailed report containing t he peri-
operative events should be given to the ICU team in order 
to p rovide e ffective c ontinuity o f pa tient c are. V igilance 
should c ontinue i nto t he p ostoperative p eriod f or c linical 
deterioration and the discovery of new injuries.

Effective postoperative pain control is an essential com-
ponent o f t he p erioperative a nesthetic p lan. Postoperative 
pain can usually be effectively managed with a combination 
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of analgesics and regional anesthesia. Acetaminophen and 
nonsteroidal a nti-inflammatory d rugs ( NSAIDS) suc h a s 
ketorolac a nd i buprofen, i f n ot c ontraindicated, a re c om-
monly used adjuvant medications for the treatment of pain 
in children [94]. ἀ ese medications can be administered by 
the oral or IV routes. If additional analgesia is needed, mor-
phine, fentanyl, or other opioids should be carefully titrated 
to effect. ἀ ese narcotics can also be delivered via patient 
controlled devices. Ultrasound-guided peripheral nerve 
blockade as well as central neuraxial blockade (i.e., epidural 
analgesia) have been utilized successfully for postoperative 
pain c ontrol [95,96] i n pa tients w ithout c ontraindications 
to regional a nesthesia such as coagulopathy a nd h igh r isk 
for compartment syndrome development. Extended release 
formulations for local anesthetic agents have also been uti-
lized for prolongation of local anesthetic action [97].

Future directions

As traumatic injuries continue to be one of the largest public 
health hazards to children, advances in research and educa-
tion must be pursued. Clinical research as well as education 
of p arents, children, and medical providers i s necessary to 
prevent injury as well as provide the highest quality of medi-
cal c are. To a ccomplish t his, t he t ransition m ust b e m ade 
from the basic science laboratory to well-designed, random-
ized c ontrolled t rials, w hich in clude p rehospital p roviders 
as w ell a s t he m edical p rofessionals w ithin w ell-organized 
trauma programs.

Many of the anesthetic management issues in pediatric 
trauma patients have not been established, are under chal-
lenge, or are significantly based on data extrapolation from 
adults. ἀ e most appropriate fluids, component ratios, and 
amounts for volume resuscitation including blood product 
administration a re s till u nclear. C ricoid pressure a nd R SI 
have been challenged as effective procedures. Future studies 
within the pediatric trauma environment should attempt to 
answer these questions.

Innovative approaches for the management of the pedi-
atric t rauma p atient a re a lso in d evelopment. L aparoscopic 
approaches with their own set of anesthetic implications are 
becoming more common. ἀ e use of cognitive aids for resus-
citation and crisis management are becoming increasingly uti-
lized and part of the standard culture. ἀ e culture and priority 
for e xhibiting h igh-quality t eam dynamics during resuscita-
tion as well as conducting inter-professional training by using 
medical simulation are both expanding the development and 
effectiveness of the pediatric trauma perioperative team.
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Treatment of severe pediatric head injury: 
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ADITYA VEDANTAM and WILLIAM E. WHITEHEAD

Introduction

Pediatric traumatic brain injury (TBI) represents an impor-
tant cause of morbidity and mortality. Our understanding 
of t he p athophysiology o f T BI h as c onsiderably i mproved 
over t he past few decades. A lthough c linical outcomes for 
severe TBI have improved signiἀcantly, there is still a need 
for high-impact interventions that can preserve neurologi-
cal function and allow patients to return to a level of activity 
close to their pre-injury baseline. The cornerstone of treat-
ment for severe TBI, however, continues to be astute clinical 
management.

Guidelines h ave b een w ell established for severe a dult 
TBI u sing d ata f rom w ell-designed r andomized c ontrol 
trials [1]. M any o f t hese i nterventions h ave b een e xtrapo-
lated to the pediatric population, given the lack of prospec-
tive clinical data in the ἀeld of pediatric TBI. The panel of 
experts t hat c reated t he Guidelines for t he Acute Medical 
Management o f S evere T BI i n I nfants, C hildren, a nd 
Adolescents a cknowledged t he l iterature g ap i n p ediatric 
TBI a nd t he r esulting l ow l evel o f r ecommendations [ 2]. 
In 2012, these guidelines were updated and data from new 
pediatric TBI studies contributed to higher level of evidence 
and stronger recommendations compared with the ἀrst edi-
tion (Table 15.1) [3].

This c hapter r epresents a p ractice-based a pproach t o 
treating c hildren w ith s evere T BI, s upported b y a vail-
able d ata a nd g uidelines f or t he a cute m anagement o f 
severe TBI.

Pathophysiology of TBI

Our understanding of TBI is based largely on the principles 
of primary a nd s econdary i njuries. P rimary i njury relates 
to t he i mmediate d amage to t he brain created at t he t ime 
of trauma. This disruption of cellular and subcellular struc-
tures c ontributes to neurological dysfunction t hat i s d iffi-
cult, if not impossible, to prevent and remains an important 
determinant o f n eurological o utcome. S ubsequently, s ec-
ondary brain injury ensues, which is characterized by a cas-
cade of intracellular and extracellular biochemical changes 
that can result in further neurological deterioration. These 
processes n ot o nly r esult i n m ore e xtensive n eurologi-
cal i njury b ut a lso c an c onsiderably i mpede n eurological 
 recovery [4].

The t reatment o f s evere T BI i s focused on l imiting a nd 
preventing secondary injury. Systemic changes such as hypo-
tension, h ypoxia, h yperglycemia, a nd h yperthermia c an 
accentuate s econdary i njury. The p resence o f c oncomitant 
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solid organ and long bone injuries can adversely impact the 
degree of neurological injury due to hypovolemia and hypo-
tension. I n a ddition, s econdary b rain i njury i s a ffected b y 
intracranial f actors s uch a s c erebral b lood flow, p erfusion 
pressure, a nd metabolism. The loss of c erebral autoregula-
tion in severe TBI can compromise cerebral perfusion a nd 
the adequate delivery of oxygen and metabolites to the brain.

The developing brain of a child presents a unique suscepti-
bility to primary and secondary brain injuries. Children have 
a lower circulating blood volume, less cerebrospinal fluid vol-
ume, open fontanelles, and deformable calvaria. These fac-
tors make them dissimilar to the adult population and point 
to the need for treatment guidelines speciἀc to the pediatric 
population.

Table 15.1 Summary of levels of evidence and recommendations from 2012 pediatric severe TBI guidelines

Subject
Level of 
evidence Recommendations

Indications for intracranial 
pressure (ICP) monitoring

III Use of ICP monitoring may be considered in infants and children with 
severe TBI.

Threshold for treatment of 
intracranial hypertension

III Treatment of ICP may be considered at a threshold of 20 mmHg.

Cerebrospinal fluid (CSF) 
drainage

III CSF drainage through an external ventricular drain may be considered in the 
management of intracranial hypertension.

Cerebral perfusion pressure 
(CPP) thresholds

III Minimum CPP threshold of 40 mmHg may be considered. Age-specific 
thresholds from 40 to 50 mmHg may be considered with infants at the 
lower end and adolescents at the upper end of the range.

Advanced neuromonitoring III If brain oxygenation monitoring is used, maintenance of partial pressure of 
brain tissue oxygen ≥10 mmHg may be considered.

Neuroimaging III In the absence of neurologic deterioration or increasing ICP, obtaining a 
routine repeat computed tomography (CT) scan ≥24 h after the admission 
and initial follow-up study may not be indicated for decisions about 
neurosurgical intervention.

Hyperosmolar therapy II Hypertonic saline should be considered for the treatment of severe pediatric 
TBI associated with intracranial hypertension. Effective doses for acute use 
range between 6.5 and 10 mL/kg.

Barbiturates III High-dose barbiturate therapy may be considered in hemodynamically stable 
patients with refractory intracranial hypertension despite maximal medical 
and surgical management.

Decompressive craniectomy 
for the treatment of 
intracranial hypertension

III Decompressive craniectomy with duraplasty, leaving the bone flap out, may 
be considered for pediatric patients with TBI who are showing early signs 
of neurologic deterioration or herniation or are developing intracranial 
hypertension refractory to medical management during the early stages of 
their treatment.

Hyperventilation III Avoidance of prophylactic severe hyperventilation to a PaCO2 <30 mmHg 
may be considered in the initial 48 h after injury.

Corticosteroids II The use of corticosteroids is not recommended to improve outcome or 
reduce ICP for children with severe TBI.

Analgesics, sedatives, and 
neuromuscular blockade

III Etomidate may be considered to control severe intracranial hypertension; 
however, the risks resulting from adrenal suppression must be considered.

Thiopental may be considered to control intracranial hypertension.
Nutrition II The evidence does not support the use of an immune-modulating diet for 

the treatment of severe TBI to improve outcome.
Antiseizure prophylaxis III Prophylactic treatment with phenytoin may be considered to reduce the 

incidence of early posttraumatic seizures in pediatric patients with severe TBI.
Temperature control II Moderate hypothermia (32°C–33°C) early after severe TBI up to 48 h may 

reduce intracranial hypertension. However, recent data indicate that it may 
not improve mortality or global functional outcomes after severe TBI.

Source: Kochanek PM et al., Pediatr. Critic Care Med., 13 (Suppl 1), 2012, S1–82. With permission.
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Prehospital and emergency room 
management

The i nitial a ssessment a nd m anagement o f s evere T BI 
patients should focus on preventing hypoxia and treating it 
immediately if present. Almost 25% of TBI patients can suf-
fer from prehospital hypoxia [5], and the use of supplemental 
oxygen, bag-valve-mask ventilation, or endotracheal intuba-
tion should be initiated. It is recommended that endotracheal 
intubation f or p ediatric T BI p atients b e p erformed b y p er-
sonnel w ith s pecialized t raining a nd en d-tidal C O2 de tec-
tors should be used [6]. If this is not possible, bag-valve-mask 
ventilation s hould b e c ontinued u ntil t he p atient r eaches 
the emergency room or personnel with specialized training 
arrive. Current pediatric TBI guidelines do not include spe-
ciἀc recommendations for prehospital management of pedi-
atric patients, but refer to the adult Guidelines for Prehospital 
Management of Severe Traumatic Brain Injury [3].

Initial assessment

Evaluation o f a irway, b reathing, c irculation, ne urological 
status, a nd d isability i s t he g oal o f i nitial a ssessment. A ll 
members o f t he t rauma t eam i ncluding em ergency r oom 
physicians, nurses, technicians, trauma surgeons, and neu-
rosurgeons should participate in this process. Early identi-
ἀcation of compromised physiology is essential to prevent 
secondary brain injury.

Maintaining a p atent a irway a nd en suring a dequate 
oxygenation s hould b e en sured w hile m aintaining c ervi-
cal s pine p recautions, e specially a voiding h yperflexion 
or e xtension o f t he c ervical s pine. This c an b e p erformed 
with a c ervical c ollar o r i n-line m anual i mmobilization. 

Hypotension i s an i mportant c ontributor to s econdary 
brain injury, and a systolic blood pressure <75th centile for 
age is associated with poorer neurological outcomes [7]. In 
children, t achycardia i s a n e arly s ign o f hypovolemia a nd 
needs to be evaluated early.

The Glasgow Coma Scale (GCS) is used to provide a stan-
dardized neurological assessment for severe TBI. The standard 
GCS can be used for children 3 years or older and the pediatric 
GCS is used for infants up to 2 years of age (Table 15.2) [8,9]. In 
addition to the GCS, pupils should be examined for size, sym-
metry, and reaction to light. The presence of localizing signs 
such a s f acial a symmetry, hemiparesis, hemiplegia, paraple-
gia, or a sensory level should be noted. These signs should be 
elicited prior to the administration of sedative drugs or para-
lytics for intubation. A rapid, systematic secondary trauma 
survey is a lso performed. This includes an evaluation of t he 
extremities, peripheral pulses, and log-rolling the patient; 
examining the spine; and examination for rectal tone.

Neuroimaging

Early neuroimaging for s evere T BI s hould b e p erformed 
after t he p rimary a nd s econdary t rauma s urveys, a nd 
when t he p atient i s h emodynamically s table. C T h ead 
without c ontrast i s t he i maging m odality o f c hoice. C T 
scans p rovide a r apid a ssessment f or i ntracranial h em-
orrhage w hether e pidural, s ubdural, s ubarachnoid, o r 
parenchymal. I n a ddition, s kull f ractures a nd p neumo-
cephalus a re well v isualized on C T s cans. The i ncidence 
of intracranial injury detected on CT scans in severe 
pediatric TBI is 62%–75% [10]. With the quick acquisition 
times of CT scans, emergent neurosurgical interventions, 
if r equired, c an b e i nitiated. I n c ases w here p olytrauma 

Table 15.2 Standard and pediatric Glasgow Coma Scale

Response Score Glasgow Coma Scale Pediatric Glasgow Coma Scale

Eye opening 4 Spontaneous Spontaneous
3 To speech To speech
2 To pain To pain
1 None None

Verbal response 5 Oriented Coos, babbles, age-appropriate speech
4 Confused Irritable, cries
3 Inappropriate words Cries to pain
2 Incomprehensible sounds Moans to pain
1 None None

Motor response 6 Follows commands Normal spontaneous movements
5 Localizes to pain Withdraws to touch
4 Withdraws to pain Withdraws to pain
3 Abnormal flexion Abnormal flexion
2 Abnormal extension Abnormal extension
1 None None

Sources:  Teasdale G and Jennett B, Lancet, 2 (7872), 1974, 81–84. With permission; Holmes JF et al., Acad. Emerg. Med., 12 (9), 2005, 
814–819. With permission.
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is s uspected, C T h ead c an b e c ombined w ith C T s cans 
of t he c hest, a bdomen, or p elvis. The p erformance of a n 
early C T s can  also a llows f or t imely t riage a nd t ransfer 
to h igher levels of c are i f needed. The u se of M RI i s not 
recommended in the acute setting of severe pediatric TBI, 
due to t he need for s edation, t he long a cquisition t imes, 
and t he d ifficulty i n m onitoring c ritically i ll p atients i n 
the scanner.

The u se o f r outine follow-up C T i maging (>24 h a fter 
admission) in severe pediatric TBI is not recommended if 
there is no neurological deterioration or increasing intra-
cranial h ypertension. I n s ome i nstances, C T i maging i s 
repeated in patients in whom there is a concern for a pro-
gressing intracranial lesion and t he presence of sedatives 
or paralytics limits neurological examination. In patients 
who have undergone a surgical intervention for severe TBI 
such as evacuation of a h ematoma or decompressive cra-
niectomy, a p ostoperative C T s can m ay b e p erformed t o 
assess f or p ostsurgical c omplications o r en largement o f 
contralateral h ematomas n ot a ddressed d uring s urgery. 
Overall, a follow-up CT scan is not a t rivial issue and the 
need for t he s can s hould be weighed a gainst t he r isks of 
transporting a critically ill patient and the additional radi-
ation exposure.

Management in intensive care unit

Intracranial pressure monitoring

Children w ith severe TBI are at risk of intracranial 
hypertension, w ith a lmost a t hird of p atients h aving h igh 
intracranial p ressure ( ICP) > 20 m mHg [ 11]. I ntracranial 
hypertension h as b een s hown t o b e a p redictor o f p oor 
neurological outcome or death after severe TBI in children 
[12]. Intracranial h ypertension i s an i mportant f actor f or 
decreased c erebral p erfusion p ressure a nd n eural i njury 
after severe TBI. Children with severe TBI have been shown 
to have improved long-term neurological outcomes i f they 
had ICPs successfully controlled after the injury [13]. The 
use o f I CP m onitoring i s a l evel I II r ecommendation f or 
infants and children with severe TBI.

A n umber o f i ntracranial d evices a re available f or 
monitoring and treating ICP. The commonest device is 
an e xternal ventricular d rain, w hich i s i nserted i nto t he 
frontal h orn o f t he l ateral v entricle a nd c onnected t o a  
pressure t ransducer t o p rovide a r eal-time m easure o f 
ICP. In addition to being a l ow-cost intervention, it pro-
vides t he o pportunity t o d rain c erebrospinal fluid a nd 
treat intracranial hypertension in addition to monitoring. 
Intraparenchymal b olts a nd s ubdural b olts a re a lso a ble 
to monitor ICP. These devices cannot drain cerebrospinal 
fluid to t reat i ntracranial hypertension a nd may provide 
only a l ocal e stimate o f I CP i n t he a rea o f p arenchyma 
adjacent to the device. At present, no studies have evalu-
ated i f t he t ype o f I CP m onitor i nfluences n eurological 
outcome.

Thresholds for treatment of intracranial 
hypertension

Sustained i ntracranial hypertension (>20 m mHg) i s a ssoci-
ated with poor neurological outcome in children with severe 
TBI [14]. The normative values of blood pressure and ICP are 
age dependent, and it is possible that the optimal threshold 
for treating ICP is age dependent as well. Although there are 
limited data available to support these ἀndings, it is known 
that the degree of autoregulation is lower in younger children 
as compared to older children. A comparative study on main-
taining two different ICP thresholds in pediatric TBI is yet 
to b e p erformed. Current l evel I II recommendations t arget 
maintaining the ICP < 20 mmHg after severe TBI in children.

One o f t he i mportant g oals o f i ntensive c are m anage-
ment after severe TBI is to maintain adequate perfusion of 
the brain. The cerebral perfusion pressure, which provides a 
quantitative assessment of brain perfusion, is calculated as 
the mean arterial pressure minus the mean ICP. Decreases 
in cerebral perfusion pressure coupled with changes in the 
cerebral metabolic rate can contribute to local and global 
cerebral i schemia. The p resence o f a n I CP m onitoring 
device and an arterial line allows for accurate measurement 
of cerebral perfusion pressure. The optimum physiological 
range o f c erebral p erfusion pressure v aries w ith a ge. This 
suggests an appropriate cerebral perfusion pressure thresh-
old b e t argeted p articularly w ith i nfants a nd a dolescents. 
Actual cerebral perfusion pressure may be underestimated 
using c urrent ICP monitoring practices. Theoretically, t he 
arterial l ine a nd I CP m onitor s hould b e c alibrated a t t he 
same level. However, the arterial l ine is often calibrated to 
the level of the heart, and the ICP monitor is calibrated to 
the level of the foramen of Monro. These limitations in cur-
rent monitoring systems need to be factored into our assess-
ment of cerebral perfusion pressure, and a standardized 
protocol should be followed.

Studies have shown that mortality is signiἀcantly lower 
in s evere p ediatric T BI p atients w ith h igher c erebral p er-
fusion pressures [11,15]. However, n o p articular t hreshold 
for c erebral p erfusion p ressure h as b een d eἀned. C urrent 
guidelines provide level I II recommendations to maintain 
a m inimum c erebral p erfusion p ressure o f 4 0 m mHg i n 
children with TBI. Age-speciἀc thresholds ranging between 
40 and 50 mmHg may be considered for younger and older 
children, respectively.

Advanced n euromonitoring i s i ncreasingly b eing u sed 
to t reat a dult T BI. I n p articular, b rain t issue o xygen a nd 
jugular v enous s aturation m onitoring h as b een s hown t o 
improve mortality after severe TBI. In children with severe 
TBI, a b rain t issue o xygen p ressure < 10 m mHg h as b een 
shown to be associated with poorer neurological outcomes 
[15]. At present, there is a level III recommendation to main-
tain p artial p ressure o f b rain t issue o xygen ≥ 10 m mHg. 
Methods such as microdialysis and real-time evaluation of 
cerebral autoregulation h ave not b een s tudied i n d etail i n 
pediatric TBI.
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Treatment of intracranial hypertension

The c ritical care management of s evere p ediatric T BI 
patients should focus on maintaining euvolemia, avoiding 
dehydration a nd h ypotension. A ccurate m easurement o f 
fluid intake and o utput with o r without a central venous 
catheter and a F oley catheter is an essential component of 
the acute care of these patients. Hyperosmolar therapy for 
intracranial h ypertension i s a n i mportant m edical i nter-
vention. The t wo c ommonly u sed a gents a re h ypertonic 
saline and mannitol.

Hypertonic saline

Hypertonic saline (3% saline) creates an osmolar gradient 
across the blood–brain barrier, which helps reduce cere-
bral e dema a nd I CP. I n a ddition, t he h igh s odium l oad 
can improve rheology in the cerebral vasculature, as well 
as inhibit inflammation and enhance cardiac output. The 
side e ffects i nclude a r ebound i n i ntracranial h yperten-
sion, high urinary water losses, and hyperchloremic acido-
sis [16]. In addition to treating intracranial hypertension, 
hypertonic s aline c an b e u sed t o c orrect h yponatremia 
resulting from cerebral salt wasting. This is an important 
cause of morbidity in pediatric severe TBI and if untreated 
can c ontribute t o m ortality. The p resence o f n atriuresis 
combined w ith p olyuria a nd h ypovolemia c haracterizes 
cerebral s alt w asting, w hich c an d evelop 2 –11 d ays a fter 
the injury. Studies have shown improved ICP control and 
maintenance of cerebral perfusion from using hypertonic 
saline i n p ediatric T BI [ 17]. H owever, t he o ptimal t im-
ing of therapy, safety proἀle, and target serum osmolality 
have not been deἀned in the pediatric population. Current 
guidelines provide level II recommendations on the use of 
hypertonic saline for severe pediatric TBI w ith t he effec-
tive doses for a cute u se r anging f rom 6 .5 a nd 10 m L/kg. 
Level III recommendations include effective doses as a 
continuous infusion of 3% saline (0.1–1 mL/kg/h) admin-
istered on a sliding scale, while maintaining serum osmo-
larity below 360 mOsm/L.

Mannitol

Mannitol i s a c ommonly u sed a gent t o t reat i ntracranial 
hypertension a fter s evere T BI. I t r educes b lood v iscosity, 
creates an osmolar gradient across the blood–brain barrier, 
and acts as a d iuretic. It acts immediately with a sustained 
effect l asting u p t o 6 h . I t i s e xcreted i n u rine a nd l arge 
boluses c an produce s igniἀcant d iuresis a nd hypotension,  
and can cause acute tubular necrosis and renal failure. The 
target serum osmolarity is <320 mOsm in adults. Although 
mannitol has a l ong h istory of safety a nd reliable effect in 
pediatric patients, i t has never been s tudied i n t he setting 
of a controlled clinical trial in children. Common intensive 
care p ractices a nd c linician p reference d ictates t he u se o f 
mannitol to treat intracranial hypertension despite the lack 
of clinical evidence supporting the use of mannitol in severe 
pediatric TBI.

Barbiturates

Barbiturates s uch a s t hiopental a nd p entobarbital c an b e 
used t o t reat r efractory i ntracranial h ypertension s een i n 
21%–42% of severe pediatric TBI patients [18,19]. Children 
have b een s hown t o h ave i ncreased c erebral e dema a nd 
hyperemia after severe TBI compared with adults, and this 
phenomenon i s m ore c ommon i n y ounger c hildren t han 
older children [20]. High-dose barbiturates reduce the cere-
bral m etabolic r ate o f o xygen a nd m etabolic d emands o f 
the brain. In addition, barbiturates improve cerebral blood 
flow c oupling, t hereby r educing i schemic i nsults t o t he 
brain. The induction of burst suppression, as documented 
by e lectroencephalography, i s a ssociated w ith m aximum 
reduction i n c erebral m etabolism. B arbiturates, h owever, 
should b e r eserved f or r efractory i ntracranial h yperten-
sion r esistant t o ἀ rst-tier m edical a nd s urgical t herapies. 
Barbiturates h ave i mportant c ardiovascular s ide e ffects 
such as decreased cardiac output and hypotension. Current 
level III recommendations state that high-dose barbiturates 
can be considered in hemodynamically stable patients with 
refractory i ntracranial h ypertension a nd s pecify t he n eed 
for continuous arterial blood pressure monitoring and car-
diovascular support during therapy.

Decompressive craniectomy

Decompressive craniectomy represents an important surgi-
cal intervention in TBI. The surgery involves removal of a 
bone flap, u sually o n the s ide o f the l esion, o r sometimes 
bilaterally in cases of diffuse swelling. Importantly, the dura 
is often incised and/or repaired loosely ( lax duraplasty) to 
release p ressure o n t he u nderlying e dematous b rain. The 
removal of a bone flap as well as relaxation of dura provides 
space for the edematous brain to swell, thereby limiting or 
preventing c erebral h erniation. A n i mportant c omponent 
of t his s urgery i nvolves d ecompression o f t he t emporal 
lobe, w hich often herniates e arly a nd produces s igniἀcant 
neurological deterioration. A mass lesion such as a subdu-
ral o r epidural hematoma o r cerebral c ontusion, if p res-
ent, may be evacuated concomitantly during the surgery. 
Decompressive c raniectomy m ay b e p erformed a t i nitial 
presentation in light of a poor neurological exam, clinical 
evidence o f c erebral h erniation ( dilated u nilateral p upil, 
hemiparesis), a nd a C T scan showing evidence of cerebral 
herniation. I n t his c ase, s urgery i s p erformed o n t he s ide 
of the mass lesion or the hemisphere that has herniated. In 
other c ases, d ecompressive c raniectomy m ay b e r esorted 
to i n t he presence of medically refractory d iffuse c erebral 
edema. In this instance, a bilateral fronto-temporal decom-
pression is performed to release bilateral hemispheres.

Decompressive c raniectomy h as b een s hown t o r educe 
ICP i n c hildren w ith s evere T BI [ 21]. A lthough n o r an-
domized c ontrolled t rials h ave b een p erformed o n t he 
role of decompressive craniectomy in severe pediatric TBI, 
many r etrospective s tudies h ave s hown m oderate c linical 
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improvement i n t hese c ritically i ll p atients a fter s urgery 
[21,22]. In rare cases, malignant cerebral edema can cause 
the brain to herniate out of the craniectomy defect, making 
it a challenge to close the scalp. Current guidelines provide 
level I II recommendations for decompressive c raniectomy 
with d uraplasty i n p ediatric T BI p atients w ho s how e arly 
signs o f n eurologic d eterioration, c erebral h erniation, o r 
refractory intracranial hypertension.

Hyperventilation

Hyperventilation produces hypocapnia that induces cerebral 
vasoconstriction, reduced cerebral blood flow, and reduced 
volume, leading to a reduction in ICP. However, recent stud-
ies h ave d emonstrated r educed c erebral o xygenation a nd 
brain ischemia as a consequence of hyperventilation [23,24]. 
Additionally, h yperventilation p rovides o nly a t emporary 
reduction in ICP and does not have a durable effect on cere-
bral physiology. In spite of prior guidelines recommending 
against p rophylactic h yperventilation, a l arge p roportion 
of s evere p ediatric T BI p atients (40%–50%) s how a P aCO2 
<30 mmHg [25]. The impact of hyperventilation has not been 
studied in any randomized controlled trial, but limited evi-
dence suggests that early hyperventilation is l ikely to exac-
erbate c erebral i schemia, w hile p rolonged a nd s igniἀcant 
hypocarbia is associated with poor neurological outcomes 
in severe pediatric TBI [26]. Current guidelines reiterate the 
avoidance of s evere pediatric hyperventilation to a PaCO2 
<30 mmHg in the initial 48 h a fter injury. The delayed use 
of hyperventilation to treat refractory intracranial hyperten-
sion may be employed i n t he presence of advanced neuro-
monitoring to detect cerebral ischemia.

Corticosteroids

Corticosteroids a re often u sed to t reat i ntracranial pathol-
ogy s uch a s c erebral e dema a ssociated w ith b rain t umors 
and meningitis. In severe TBI, the anti-inflammatory effects 
of s teroids were t hought t o b e p otentially neuroprotective. 
However, studies using steroids in severe pediatric TBI have 
shown n o i mprovement i n f unctional o utcome o r r educ-
tion i n m ortality [ 27,28]. A dditionally, t he a dministration 
of exogenous corticosteroids suppressed the pituitary adre-
nal axis and showed a trend toward increased incidence of 
pneumonia in these patients. The current level II recommen-
dations state t hat corticosteroids a re not recommended for 
improved outcomes or reduced ICP in severe pediatric TBI.

Analgesics, sedatives, and neuromuscular 
blockade

Analgesics, s edatives, a nd n euromuscular b lockers a re 
important a gents u sed i n t he i ntensive c are u nit f or t he 
management of severe pediatric TBI. These agents are used 
in the setting of emergent intubation as well as for the con-
trol o f i ntracranial h ypertension. The n eed f or a r eliable, 

accurate neurological exam in patients with severe TBI 
must be recognized when using these agents.

Analgesics and sedatives are often necessary in children 
with severe TBI. Intubation and various invasive procedures 
such a s p lacing i ntravenous a nd a rterial l ines a s w ell a s 
intracranial monitors require adequate analgesia. Sedatives 
are particularly useful for patient transport, agitation, and 
performing imaging. For intracranial hypertension, analge-
sics and sedatives reduce cerebral metabolism in relation to 
painful stimuli and protect against physiological increases 
in ICP from motor activity. The caveat for the use of medica-
tions is to avoid excessive sedation that could cloud a n eu-
rological exam as well as to prevent hypotension that could 
exacerbate cerebral ischemia.

Neuromuscular b lockade i s r eserved f or t he c ases o f 
intracranial hypertension not controlled by sedatives. These 
drugs reduce shivering and posturing that may exacerbate 
ICP, while allowing for controlled ventilation and intratho-
racic pressure dynamics. These agents have considerable 
adverse e ffects a nd s hould n ot b e u sed l iberally. P atients 
receiving neuromuscular blockers who do not have a r eli-
able neurological exam may have masking of seizures and 
an increased r isk of nosocomial pneumonia. Additionally, 
up t o 3 0% o f t hese p atients a lso h ave a r isk o f m yopathy 
associated with the therapy [29].

Current guidelines provide class III recommendations for 
etomidate as an agent to decrease intracranial hypertension. 
However, up to 50% of patients in one study showed adrenal 
suppression with etomidate therapy [30]. Thiopental, given 
as a s ingle d ose, i s a lso a p otential a gent f or i ntracranial 
hypertension. The g uidelines a cknowledge t he a bsence o f 
adequate d ata to recommend a p articular analgesic, seda-
tive, or neuromuscular blocker for children with severe TBI.

Glucose and nutrition

The treatment of severe TBI in children includes addressing 
the nutritional needs of these patients. Children as opposed 
to a dults h ave g reater nutritional needs a nd p atients w ith 
severe T BI h ave c onsiderable c aloric r equirements f or 
wound healing and maintaining normal organ function as 
well as for adequate recovery. It is advisable to meet caloric 
requirements for these patients as soon as possible after the 
injury. Either total parenteral nutrition or enteral feeds can 
be used in severe pediatric TBI. There are limited data avail-
able in the pediatric TBI literature to recommend one source 
of nutrition over another. While patients with enteral feeds 
via a n asogastric t ube m ay s uffer from t he r isk o f a spira-
tion, poor absorption, and high residuals, the placement of 
a n asojejunal t ube h as t he p otential t o i ncrease t he d eliv-
ery of calories for these patients [31]. At present, there is a 
level II recommendation against the use of special immune-
modulating diet for the treatment of severe pediatric TBI to 
improve outcome [32]. There a re no d ata to support s trict 
glycemic c ontrol i n s evere p ediatric T BI a nd t he o ptimal 
glucose levels to be maintained while treating these patients 
are left to the discretion of the treating physician.
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Antiseizure prophylaxis

Approximately 10% o f c hildren w ith T BI s ustain p osttrau-
matic s eizures. E arly p osttraumatic s eizures o ccur w ithin 
7 d ays o f i njury, w hile l ate s eizures a re t hose t hat o ccur 
beyond 8 days after the injury [33]. The presence of depressed 
skull fractures, penetrating brain injuries, and focal intracra-
nial lesions are known to be associated with increased risk of 
posttraumatic seizures. Seizures after severe TBI increase the 
risk of aspiration, hypoxia, and increased intracranial hyper-
tension. Infants and children have a lower seizure threshold 
compared with adults, and the occurrence of subclinical sei-
zures p resents a n a dditional c hallenge t o t he m anagement 
of t hese p atients i n t he a cute s etting. S ome s tudies s uggest 
poorer neurological outcomes in pediatric severe TBI patients 
with posttraumatic seizures [34]. Current guidelines recom-
mend the use of phenytoin as a prophylactic anticonvulsant 
to r educe t he i ncidence o f e arly p osttraumatic s eizures i n 
severe pediatric TBI. The monitoring of drug levels is impor-
tant when phenytoin is used due to variations in pharmaco-
kinetics among patients. There are limited data available on 
the use of levetaricatem and other anticonvulsants to prevent 
early posttraumatic seizures. In addition, the impact of treat-
ment on long-term seizure risk is also unknown at this time.

Temperature control

Hyperthermia is best avoided after severe TBI. Hyperthermia 
increases the metabolic and heart rates and can induce shiv-
ering a nd i ntracranial h ypertension. A ggressive m easures 
to prevent and treat hyperthermia should include antipyret-
ics, cooling blankets, and cold intravenous fluids, as well as 
early investigation and treatment for infections.

Hypothermia has been proposed as a therapeutic inter-
vention for severe TBI. Hypothermia reduces the cerebral 
metabolic rate, inflammation, and excitotoxicity, and can 
inhibit s eizures. These p hysiological c hanges c ontribute 
to r educed i ntracranial h ypertension a nd c erebral i sch-
emia. I nducing h ypothermia i n s evere p ediatric T BI h as 
been s tudied i n t wo r andomized c ontrolled t rials w ith a  
total of 300 patients studied [14,25]. Neither study showed 
a signiἀcant difference in mortality or clinical outcome at 
6 m onths. H owever, m oderate hypothermia (32°C–33°C) 
for u p t o 4 8 h after t he injury s howed a beneἀcial e ffect 
in t erms o f r educing i ntracranial h ypertension. A m ore 
recent phase 3 study (“Cool Kids”) [35], however, was ter-
minated early for futility and failed to show an improve-
ment in mortality with the use of therapeutic hypothermia 
for 48 h. Induced moderate hypothermia can increase the 
risk o f h ypotension a nd r equirement o f v asopressors. I n 
addition, slow rewarming at a r ate not greater than 0.5°C 
per hour is recommended. The current data appear to sup-
port h ypothermia t o t reat i ntracranial h ypertension i n 
severe p ediatric T BI; h owever, t he l imitations o f t herapy 
in t erms o f u nchanged c linical o utcome a nd t he a ssoci-
ated adverse effects need to be considered by the treating 
physician.

Conclusion

The treatment of children with severe TBI involves a multi-
disciplinary team and begins with prehospital management, 
emergency r oom c are, a nd m onitoring i n a c ritical c are 
unit. There are increasing amounts data available to guide 
treatment for pediatric TBI patients; however, many recom-
mendations a re still adapted from adult s tudies. M any of 
these p atients re quire physical, occupational, and p sycho-
logical therapy during recovery. At present, preventing sec-
ondary brain injury from hypotension and hypoxia guides 
the majority of our clinical efforts in the acute phase after 
severe T BI. We a nticipate f uture s tudies w ill identify f ur-
ther speciἀc interventions that provide neuroprotection and 
improve neurological outcomes from severe TBI in children.
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Pediatric facial trauma

RYAN M. DICKEY, KATARZYNA KANIA, and LARRY H. HOLLIER, Jr.

Introduction

Pediatric facial trauma accounts for approximately 5% of all 
pediatric traumas. It is distinct from adult facial trauma in 
a number of ways. Children tend to suἀer f rom less severe 
injury; they demonstrate an accelerated ability to heal and 
adapt from trauma, and they often benefit from more con-
servative m anagement. C hildren a lso p resent t heir o wn 
challenges, i ncluding distinct a natomy, d iἀerent mecha-
nisms of injury, and growing facial structures which can be 
aἀected by the trauma.

Anatomy and pathophysiology

An essential distinction between the facial anatomy of chil-
dren a nd a dults i s t he d iἀerence i n p roportion o f c ranial 
to facial volume. At birth, the craniofacial ratio is 8:1, and 
the f ace i s p rotected b y i ts r elative r ecession b eneath t he 
skull. The face continues to g row i nferiorly a nd a nteriorly 
until a dulthood, w ith a final r atio o f a pproximately 2 .5:1 
[1]. These proportions help explain why children under five 
experience a h igher incidence of cranial injuries and lower 
incidence of midface and mandibular fractures when com-
pared to older children [2]. These injury patterns are further 
supported by the increased relative strength of the mandible 
in infants and toddlers due to unerupted dentition.

Developing b one i s a lso s ofter a nd m ore p liable t han 
mature b one w ith a t hicker p eriosteum. The flexibility o f 
developing b one m akes “ greenstick” o r i ncomplete f rac-
tures more l ikely in younger children. These types of frac-
ture do not typically require surgical intervention [3].

Finally, pneumatization of the paranasal sinuses occurs 
throughout childhood, with the ethmoid sinuses being 
the first to f ully develop, followed by t he maxillary, sphe-
noid, then the frontal sinuses [4]. As the surrounding bone 
is s tronger b efore p neumatization, t he r isk o f f racture 
increases as the child matures.

Epidemiology

Characteristics of pediatric facial injury vary based on age, 
geography, a nd s ocial f actors. I n t he U nites S tates, m otor 
vehicle c ollision ( MVC) i s t he m ost c ommon m echanism 
for facial fracture in children of all ages [5–7]. Unrestrained 
pediatric patients experience double t he r isk of facial f rac-
ture from MVCs [7]. Laws mandating child safety seats have 
undoubtedly decreased the incidence of facial trauma from 
MVC. The second most common mechanism of facial frac-
ture v aries w ith a ge [7]. A mong c hildren less t han 6 y ears 
of age, falls are more common, giving way to sports-related 
injuries a round a ge 1 2 a s c hildren g ain i ncreased m otor 
skills [2].
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A u nique c ategory o f f acial t rauma i n c hildren i s d og 
bites. Children a re disproportionately r epresented in dog 
bite i njuries [8]. There i s a g eneral t rend t hat i nfants a nd 
preschoolers p rimarily s ustain t hese i njuries t o t he f ace, 
while older children are bitten on the extremities [9]. This 
distinction l ikely occurs due to t he fact t hat younger chil-
dren are more likely to present their faces in close proximity 
to the animal.

Physical abuse should a lways be considered in children 
with poorly explained injury patterns inconsistent with the 
stated t rauma, e specially w hen c ombined w ith  behavioral 
signs of abuse including poor eye contact, fear of touch, and 
mood c hanges. I t h as b een e stimated t hat 1%  of c hildren 
sustain nonaccidental injury in each year [10].

Diagnostic approach

Evaluation of p ediatric f acial i njuries s hould b egin w ith 
a c lose h istory a nd p hysical e xam. I n c hildren w ho a re 
very young or who do not communicate well with strang-
ers, r eliance o n t he p arental a ccount o f t he a ccident i s 
helpful, as is their observation with regard to changes in 
the c hild’s a ppearance. P hysical e xam i ncludes a t hor-
ough orbital examination. Diminished red-color percep-
tion i s t he e arliest s ign o f o ptic n erve d amage, a nd c an 
be r eadily a ssessed b y p lacing a finger o n a p enlight in 
a d arkened room a nd a sking t he patient to compare t he 
color as seen with each eye [11]. Any perceived diἀerence 
is abnormal. Extraocular muscle function should also be 
tested. O phthalmologic c onsultation i s w arranted i f a ny 
abnormalities a re d etected. The n ose s hould b e e valu-
ated f or d eformity, a nd t he s eptum e valuated f or h ema-
toma. M alar d epression a nd i nfraorbital p aresthesia 
may indicate a zygomatic fracture and infraorbital nerve 
involvement. M andibular e valuation s hould b egin w ith 
inspection o f t he t eeth a nd m ucosa, a nd t he o cclusion 
carefully assessed.

The gold standard for radiographic evaluation in pediat-
ric facial trauma is computed tomography (CT) with axial 
and coronal views. It should routinely be used if the physical 
exam is abnormal or i f t he mechanism of injury is severe. 
Three-dimensional r econstruction o f t he C T p rovides 
enhanced v iews for complex i njuries. Orthopantomogram 
(PanorexTM) m ay o ἀer a dditional i nformation r egarding 
mandibular i njuries, a nd i s a v aluable tool for v isualizing 
dental structures [2].

Emergency management

The i nitial m anagement o f t he p ediatric p atient m ust 
account for t he h igher s urface-area-to-body volume r atio, 
increased metabolic rate, a nd lower blood volumes, which 
combine to contribute to the increased risk of hypothermia, 
hypoxia, and hypotension seen in pediatric trauma. As with 
adults, control of airway, breathing, and circulation is criti-
cal in the resuscitation of children [2]. Cervical spine injuries 
may be associated with facial bone fractures, and diagnosis 
can be delayed by distracting facial injuries. In high-velocity 
trauma or in the presence of cervical spine tenderness, pre-
cautions should be taken and a cervical collar placed while 
the injuries are investigated thoroughly [12].

Treatment

Nasal fractures

Nasal fractures are the most common in children, and many 
are treated on an outpatient basis. Although physical exam 
is sufficient for diagnosis, the severity of the injury may be 
obscured by facial edema. CT scans can be helpful in these 
situations. Most nasal f ractures can be treated with closed 
reduction. I f s een i mmediately f ollowing i njury, c losed 
reduction s hould b e p erformed. B etween 1 a nd 5 d ays, 
swelling makes accurate correction difficult [13,14]. The pri-
mary indication for early surgery is septal hematoma, which 
can lead to cartilage necrosis, and saddle nose deformity if it 
is not addressed promptly.

Naso-orbito-ethmoid fractures

Naso-orbito-ethmoid ( NOE) f ractures a re t he l east c om-
mon of all pediatric facial fractures [15]. This is attributed 
to the absence of a f ully pneumatized frontal sinus, which 
results in translation of the force of lower forehead impacts 
to t he b ase o f t he s kull a nd i ntracranially. C onsequently, 
intracranial i njury s hould a lways b e c onsidered i n N OE 
fracture. The t ypical d eformity i n N OE f ractures r esults 
from displacement of the medial orbital walls laterally, lead-
ing to telecanthus, shortened palpebral fissures, and often a 
saddle-nose deformity. CT scan is mandatory in providing 
the definitive diagnosis. The Markowitz classification of the 
injury i s very useful in determining t he appropriate t reat-
ment, b ut v irtually a ll w ill r equire s urgery ( Figure 1 6.1). 

Type I Type II Type III

Figure 16.1 Markowitz classification. (Courtesy of Texas Children’s Hospital.)
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Because o f o ngoing g rowth, there i s a r easonable c hance 
that children may require additional surgery [16].

Orbital fractures

Fractures o f t he s uperior o rbital r im a nd o rbital r oof 
are m ore c ommon in c hildren under 5 years o f age d ue 
to t he i ncreased prominence of t he skull a nd i ncomplete 
frontal sinus pneumatization. These fractures may be dif-
ficult t o d iagnose o n e xam d ue t o p eriorbital s welling, 
although palpation a long t he supraorbital r im may occa-
sionally reveal step-deformities. For this reason, CT scan 
is r ecommended i n t he d iagnosis o f a ll o rbital f ractures 
(Figure 16.2).

Following p neumatization o f t he s inuses, p atterns o f 
pediatric o rbital f ractures b ecome s imilar t o a dults, w ith 
orbital floor f ractures b eing t he m ost c ommon. C hildren 
are at i ncreased r isk f or greenstick “ trapdoor” f ractures, 
where the inferior rectus muscle becomes entrapped in the 
fracture a s t he pliable bone opens up w ith t he force, t hen 
closes on t he d isplaced periorbital t issues. This defect c an 
lead to “white eye” syndrome, which presents a s inability 
to look upward i n t he a ἀected eye. They may a lso present 
with symptoms of nausea and even syncope because of trac-
tion o n p arasympathetic n erve fibers t hat t ravel w ith t he 
periorbita.

Orbital fracture management remains controversial, but 
there i s a c onsensus on t he need for early repair for mus-
cle entrapment. I n a m atter o f d ays, c hildren m ay e xperi-
ence fibrosis and shortening of the muscle fibers, leading to 
prolonged d iplopia. A ll c hildren u nder 12 w ith prolonged 
dysmotility are at risk for amblyopia [17]. In cases of com-
plete f racture, large floor defects (greater t han 1 c m2) a nd 
early enophthalmos are also indications for repair. Fracture 
repair is typically performed using a transconjunctival inci-
sion w ith t he floor defect reconstructed u sing a v ariety of 
implants, ranging from split calvarial bone to titanium and 
porous polyethylene [18].

Zygomatic fractures

Zygoma f ractures a re r are b efore a ge five a nd i ncrease 
steadily with advancing age. The presentation of these inju-
ries is similar to that of adults, and often includes subcon-
junctival hematoma a nd s ensory loss f rom d amage to t he 
infraorbital nerve. In severe injuries, facial asymmetry from 
inferior displacement of the zygoma may be seen. Clinical 
exam s hould i nclude p alpation o f t he i nfraorbital r im f or 
step-deformities and a f ull ophthalmologic exam. CT scan 
remains the most accurate diagnostic modality. Minimally 
displaced f ractures w ithout d eformity m ay b e o bserved. 
Open reduction and internal fixation (ORIF) is indicated in 
comminuted or displaced fractures. Because of the exuber-
ant healing rate of children, ORIF is preferably performed 
within 1 week of injury [19]. Delays may result in difficulty 
mobilizing the fracture.

Maxillary fractures

The s mall m axillary s inuses i n c hildren m ake f rac-
tures i n t his r egion u ncommon u ntil t he t eenage y ears. 
Treatment, w hich i s only necessary w hen t he f racture i s 
complete, i nvolves t he p terygoid p lates. M alocclusion i s 
the h allmark p resentation o f t hese i njuries. T reatment 
should be d irected toward restoring t he preinjury occlu-
sion. In most pediatric maxillary fractures, a short period 
of  intermaxillary fixation s hould b e s ufficient. I n y oung 
 children (less than 6 years of age), arch bars can be diffi-
cult to apply and circummandibular wires may have to be 
placed and attached to a w ire passed through a drill hole 
near t he p iriform a perture. A lternatively, t he f racture 
can a lso b e t reated u sing open reduction a nd p late fixa-
tion. This i s r ecommended i n a ll s ignificantly d isplaced 
fractures. O ne m ust b e c areful that none of the screws 
are placed into a developing tooth bud. While resorbable 
plates and screws are advocated by some, titanium is also 
acceptable.

Figure 16.2 CT of right orbital trapdoor fracture in an 11-year-old female following high-speed motor vehicle collision.
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Mandible fractures

Mandibular fractures are the second most common frac-
ture in children. The condyle is the most common location 
(Figure 16.3). Children under five tend to sustain condylar 
head f ractures, w hile a dolescents s ustain c ondylar n eck 
fractures. P atients t ypically p resent w ith m alocclusion 
and pain, particularly i n t he preauricular region. This i s 
often i n t he s etting o f a c hin l aceration, s uἀered a t t he 
time of the fall. An assessment of occlusion can be difficult 
in c hildren w ith m ixed d entition, a nd a ttention t o wear 
 facets a nd p arental i nput c an b e h elpful. M ost c ondylar 
head i njuries s hould b e t reated b y i mmediate m obiliza-
tion t o prevent a nkylosis, w hich i s very d ifficult t o t reat 
once e stablished, and can lead to growth disturbance. 
These patients should be given pain medications and the 
family s hould b e c ounseled t o en courage j aw m otion b y 
the child. In the presence of malocclusion, consideration 
should be given to a short period of i ntermaxillary fixa-
tion. W hile m inor o cclusal d iscrepancies i n v ery y oung 
children are overcome quite readily with dental com-
pensations a nd g rowth, m ore s ignificant i rregularities 
should be treated with 10–12 days of intermaxillary fixa-
tion a s m entioned i n t he s ection “ Maxillary F ractures.” 
Noncondylar fractures o f t he m andible with r esultant 
malocclusion should typically be treated by open reduc-
tion a nd p late fixation. T ypically a t itanium m iniplate 

placed a long t he i nferior b order to avoid t he tooth buds 
is sufficient.

Soft tissue facial injuries

Principles

The vast majority of very young children presenting with 
soft tissue injuries of the face can be treated in the emer-
gency r oom. The d ecision t o u se l ocal a nesthesia v ersus 
conscious s edation d epends i n l arge d egree o n t he a ge 
of the child, the practice of the surgeon, and the severity 
of the injury. The most severe injuries should be taken to 
the operating room due to the better l ighting, assistance, 
and i mproved i nstrumentation. A s w ith a ny s oft tissue 
injury, t he m ost i mportant a spect i s t horoughly c lean-
ing t he i njury p rior t o r epair. M inimal d ebridement o f 
viable tissue should be performed. Avulsed flaps should 
be tacked down loosely if there is any chance for survival 
of t he t issue. Secondary revisional surgery can a lways be 
performed.

Deep dermal sutures a re perhaps the most i mportant 
in c hildren. M onocryl ( Ethicon; S omerville, N J) s uture 
is o ne o f t he m ost f requent c hoices f or t he d eep d ermal 
layer. A s ubcuticular r unning s uture w ith M onocryl 
for t he s kin v ersus i nterrupted f ast-absorbing p lain g ut 
sutures (Ethicon; Somerville, NJ) are typically chosen 

Figure 16.3 CT of bilateral subcondylar fractures with medial displacement and dislocation of temporomandibular joints in 
a 5-year-old female after a fall.
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for the  cutaneous component. A lternatively, Dermabond 
(Ethicon; S omerville, N J) h as b een p roposed a nd s tud-
ies show that for uncomplicated lacerations, this material 
has  equivalent r esults t o s kin s utures [ 20]. I f a s ubcu-
ticular s uture o r i nterrupted skin s utures are u sed, t he 
application of  M astisol ( Eloquest H ealthcare; D etroit, 
MI) f ollowed b y S teri-Strips (3M; S t. P aul, M N) i s p ref-
erable to b olster t he c losure a nd to a ct a s a d ressing for 
the area [21].

Scalp

Scalp i njuries a re p roblematic f or s everal r easons. F irst, 
the thick galea tends to prevent blood vessels from retract-
ing a nd s lowing t he b leeding p rocess. C onsequently, 
children c an lose l arge volumes of blood f rom scalp lac-
erations i f t hey a re n ot a ddressed i n a t imely f ashion. 
Additionally, scars in the scalp have a t endency to widen 
over time,  leaving the area visible even in the presence of 
 surrounding hair. Great care must be taken to place deep 
galeal sutures that remove tension from the skin layer. It 
may be  helpful to score the galea using a 15-blade prior 
to closure to reduce the tension on the skin edges. Great 
care should be taken to score just t hrough t he galea a nd 
not i nto t he subcutaneous t issue above i t containing t he 
blood vessels. A r unning suture for t he skin of t he scalp 
is p referred t o p revent b leeding b etween i nterrupted 
sutures [22].

Eyelid

One must always rule out damage to the underlying globe 
with e yelid l acerations. W hen o ne t akes i nto a ccount t he 
Bell’s phenomenon, where the eye rolls up and out with clo-
sure, a l aceration to the eyelid may not be coincident with 
the g lobe i njury. O ne must a lso d iagnose a ny c analicular 
injuries to the lacrimal system with these injuries. If pres-
ent, this should be addressed by stenting at the time of lac-
eration repair. Sutures should be placed in the tarsus if this 
layer i s i njured f ollowed b y s kin s utures. The c onjunctiva 
need n ot n ecessarily b e s utured. I f o ne d oes s uture t his 
area, one must be aware of irritation of the cornea from the 
sutures. The l id m argin s hould a lso b e e verted t o prevent 
notching with healing.

Lip

Full thickness lip lacerations can be problematic. One must 
be careful to reapproximate t he orbicularis muscle to pre-
vent s ubsequent s car w idening. A dditionally, t he v ermil-
lion b order must b e a ccurately a ligned. O ne s hould m ark 
this c ritical a natomical l andmark prior to a ny i nfiltration 
of local anesthesia to prevent its distortion. Even small step-
oἀs of this region are visible from a conversational distance. 
Methylene blue in a 25-gauge needle is an eἀective mecha-
nism to achieve this [22–24].

Facial nerve

Injuries t o t he f acial n erve m ust b e d iagnosed p rior t o 
 infiltration of local anesthesia. Classically, the teaching 
is t hat l acerations o f t he f acial n erve m edial t o t he l at-
eral  canthus need not be repaired. Injuries lateral to t his 
should b e r epaired w ithin 7 2 h ours f ollowing d iagnosis 
of t he i njury. B eyond t his t ime, t he d istal muscle t argets 
typically d o n ot s timulate, m aking i dentification o f t he 
distal nerve segment difficult. Ideally, this is addressed at 
the time of the repair of the laceration [22,24]. If not, any 
nerve ends identified should be tagged with a long Prolene 
(Ethicon; Somerville, NJ) suture for subsequent identifica-
tion [23].

Ear

The primary concern regarding trauma to the ear is hema-
toma between the cartilage and the anterior skin. If allowed 
to accumulate here, this area becomes fibrotic and can lead 
to t he d istortion o f t he e ar a natomy ( “cauliflower e ar”). 
Any hematoma seen here should be drained and a pressure 
dressing should be placed over the skin flaps to prevent reac-
cumulation. With respect to suturing the laceration, given 
the firm a ttachment o f t he a nterior s kin t o t he c artilage, 
skin s utures a lone u sually s uffice. S eparate s utures i n t he 
cartilage are not t ypically necessary. I f t hese are used, t he 
knot s hould b e p laced p osterior t o a void v isibility u nder 
the closely adherent anterior skin. One must also be vigi-
lant for subsequent infection resulting in chondritis, which 
can result in loss of ear cartilage and distortion of the ear 
anatomy [23,25].

Animal bites

Animal bites, particularly dog bites, are some of the most 
common injuries seen in the emergency room (Figure 16.4). 
Studies have shown t hat a moxicillin/clavulanic acid i s t he 
best overall antibiotic for prophylaxis of infection in these 
cases [26].

Essentially a ll injuries of t he face should b e cleaned 
and s utured a lmost r egardless o f t he t ime o f p resenta-
tion. One common source of problems is small puncture 
wounds f rom the canine teeth of the animals. These can 
create deep tracts in the skin and subcutaneous tissue that 
are i noculated w ith b acteria. W hile t hese a re n ot t ypi-
cally sutured, t hey need to be i rrigated t hroughout t heir 
depth, preferably with d ilute hydrogen p eroxide o r an 
 antibiotic-containing s aline s olution. A dministering t he 
irrigation w ith a n a ngiocatheter i s p referable t o en sure 
that the full length of the injury has been irrigated. If 
not, t hese c an b e a s ource o f s ubsequent i nfection. O f 
course, the vaccine status of the animal should be ascer-
tained a nd  the c hild’s t etanus p rophylaxis d etermined 
[8,27–32].
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Pediatric thoracic trauma

CHRISTINE M. LEEPER and BARBARA A. GAINES

Epidemiology

ἀ oracic trauma in pediatric patients is due largely to blunt 
force m echanism ( 80%–85%) a nd t ypically r esults f rom 
motor vehicle crashes, pedestrian accidents, falls, and recre-
ational i njuries. Penetrating chest t rauma is more common 
in adolescents and is frequently the result of gunshot wounds 
or stabbings. ἀ e more frequently observed injuries are pul-
monary contusions and rib fractures, with or without pneu-
mothorax or  he mothorax. I njuries t o t he t racheobronchial 
tree, h eart, a orta, e sophagus, o r d iaphragm a re r are [1,2]. 
While uncommon, injuries to the thorax can be highly lethal. 
According to the National Trauma Data Bank (NTDB) 2015 
report, only 12.8% of children sustained an injury to the tho-
rax; however, these injuries had the highest case fatality rate 
of any body region at 7.74% [3]. Chest trauma has a 4%–12% 
mortality rate in isolation and 40% mortality rate when asso-
ciated w ith o ther injuries [1,4]. ἀ oracic t rauma is uncom-
monly seen in isolation in children, and serves to indicate the 
magnitude of force and severity of injury; most children with 
chest i njuries h ave h igh i njury s everity s core o verall with 
associated head, abdominal, and extremity injuries [1].

Pediatric anatomy and physiology

ἀ e s keleton o f t he p ediatric pa tient i s i ncompletely o ssi-
fied and very pliable, which places patients at risk of inter-
nal organ damage without apparent skeletal f ractures. For 
example, c hildren e xperience m ore p ulmonary c ontu-
sions i n c omparison w ith r ib f ractures. ἀ erefore, w hen 

a r ib f racture i s s een o ne s hould a ssume s ignificant f orce 
of i njury a nd t he l evel o f su spicion f or i ntrathoracic a nd 
intra-abdominal o rgan i njuries s hould b e h igher; f urther 
investigation m ay b e w arranted d epending o n c linical 
presentation.

Initial evaluation—Primary survey

Initial e valuation o f t he pa tient w ith su spected t rauma 
includes a ctivation of t he appropriate resources (trauma 
response t eam). T he A merican C ollege o f S urgeons 
Advanced T rauma L ife Support ( ATLS) g uidelines 
describe a systematic approach to the care of injured pedi-
atric pa tients. M any t horacic i njuries c an b e d iagnosed 
and t reated a t t he t ime o f t he p rimary su rvey, d uring 
which t ime a irway pa tency, b reath s ounds, a nd n eck-
and-chest e xam a re p erformed e xpeditiously. I njuries 
including t ension p neumothorax, h emothorax, c ardiac 
tamponade, and sucking chest wound should all be diag-
nosed and treated during the primary survey. First, airway 
patency should be assessed (a patient who is speaking or 
crying vigorously typically has a patent airway) and endo-
tracheal intubation performed for patients with inability 
to p rotect t he a irway ( Glasgow C oma S cale [ GCS] < 8 , 
unconscious, c ombative, s evere f ace/head/neck t rauma), 
inability to oxygenate or ventilate. Breathing i s a ssessed 
through auscultation, palpation/percussion, examination 
of trachea and chest wall, and respiratory rate/effort. Tra-
cheal d eviation, hypotension, jugular venous d istention, 
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and u nequal breath sounds can indicate a t ension pneu-
mothorax, which should be managed by immediate chest 
decompression ( needle d ecompression f ollowed by  t ube 
thoracostomy). C hest r adiograph i s not necessary i n t he 
diagnosis of tension pneumothorax and should not delay 
intervention. P neumothorax, he mothorax, or  c ombined 
hemo/pneumothorax should b e managed w ith t ube t ho-
racostomy using a tube of sufficient size to allow adequate 
drainage o f i ntrathoracic b lood ( Figure  17.1). ἀ e c hest 
tube insertion site is similar to the location in adults: the 
fifth o r s ixth i ntercostal s pace i n t he a nterior a xillary 
line. French t ube s ize i s d iameter of t ube i n m illimeters 
multiplied by 3 (e.g., 36 French = 12 mm diameter). Selec-
tion o f t ube s ize s hould b e t ailored t o pa tient a ge, s ize, 
and i ndication ( Table 17.1) [5,6]. C hildren m ay b e l arge 
or small for their age, which should be taken into account 
when selecting tube size. In general, larger size should be 

selected to drain fluid/blood and smaller size may be suf-
ficient to evacuate air only.

Transfer to operating room for surgical intervention is 
indicated if initial chest tube drainage >15 mL/kg or subse-
quent output >2 m L/kg/h [7]. For a n open pneumothorax 
or suc king c hest w ound, a t hree-sided o cclusive d ressing 
should b e a pplied w ith pl acement of  t ube t horacostomy 
through a separate site. Signs of cardiac tamponade include 
hypotension, e levated j ugular v enous p ressure, m uffled 
heart sounds, and positive focused assessment with sonog-
raphy f or t rauma ( FAST) e xam i n t he c ardiac w indow. 
Treatment may include pericardiocentesis, pericardial win-
dow, or thoracotomy depending on the clinical condition of 
the patient and associated injuries.

Adjuncts to primary survey

Chest radiograph is a rapid, portable means o f evaluating 
the thoracic cavity for suspected injuries. An anteroposterior 
(AP) chest film should be performed for all patients with sus-
pected chest trauma to facilitate screening of the bony struc-
tures, a irways, l ung fields, d iaphragmatic c ontours, c ardiac 
and l arge v essel c ontours, a nd su bcutaneous t issues. FAST 
exam is a lso utilized for patients with both penetrating and 
blunt thoracic trauma to evaluate the heart for traumatic peri-
cardial effusion, which may indicate cardiac injury. In both 
penetrating and blunt chest trauma, “classic” signs and symp-
toms of injury may not be present, making FAST exam a use-
ful adjunct in the diagnosis of uncommon pediatric injuries.

ED thoracotomy

Pediatric patients have an even lower rate of survival after 
emergency d epartment t horacotomy (EDT) t han do a dult 
patients, thought to be due to the higher proportion of blunt 
chest t rauma m echanism. A r ecent m eta-analysis o f 25 2 
patients, most from case reports and smaller series, was per-
formed [8]. E ighty-four p ercent w ere m ale, 51% su stained 
penetrating i njuries, a nd m edian a ge w as 1 5 y ears. U pon 
arrival, 17% had vital signs and 35% had signs of life. After 
EDT, 3 0% e xperienced r eturn of s pontaneous c irculation. 
ἀ e survival rate was 1.6% for blunt trauma, 10.2% for pen-
etrating injuries, and 6.0% overall. A subsequent retrospec-
tive review of 179 patients over 40 years isolated patients 
<15 y ears o f a ge, a nd f ound t hat t he o verall su rvival w as 
higher in adolescent versus pediatric patients (4.8% vs. 0%) 
which was attributable to the higher proportion of adoles-
cents with penetrating injuries [9]. A study of 316 children 
(70 b lunt, 2 40 p enetrating) w ho u nderwent E DT-linked 
survival to presence of v ital s igns on a rrival: less t han 5% 
of patients overall survived when presenting systolic blood 
pressure (SBP) was ≤50 mmHg or heart rate was ≤70 bpm, 
and no patients with blunt injuries who had an initial pulse 
≤80 b pm o r S BP ≤ 60 m mHg su rvived [10]. I n su mmary, 
EDT i s i ndicated i n p ediatric pa tients w ith p enetrating 
chest trauma o nly for t hose w ho l ose vital s igns i mmedi-
ately prior to arrival or in the trauma bay.
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KM/TS

R

Figure 17.1 Plain radiograph of 6-year-old male with 
gunshot wound to the left chest (arrow to show presence 
of shrapnel). Patient underwent tube thoracostomy with 
evacuation of hemo/pneumothorax.

Table 17.1 Guide for chest tube size by patient age

Age Approximate tube size (Fr)

Neonate (<1 month) 8–12
Infant (0–1 years) 12–16
Younger child (1–5 years) 16–20
Older child (6–11 years) 20–28
Adolescent (12–17 years) 28–36
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Damage control thoracotomy

If e mergent o perative i ntervention f or t horacic t rauma 
or polytrauma is required, the pediatric patient is likely 
hemodynamically u nstable. D amage c ontrol su rgery i s a n 
approach to the severely injured patient that prioritizes rapid 
surgical control of bleeding and contamination, appropriate 
resuscitation to address shock and coagulopathy while min-
imizing i atrogenic i njury ( hypothermia, h emodilution), 
and temporary closure to allow for second-look operations 
and delayed definitive repair. Damage control as a pediatric 
general su rgery principle has b een i n practice for decades 
(e.g., use of silos in congenital abdominal wall defects) [11], 
and i ts u se i n p ediatric t rauma patients has e volved more 
recently [12–15] a s e vidence i n a dults su ggests i mproved 
survival and outcomes [16–18].

As i n adults, a r apid t ransfusion device a nd cell s aver 
should b e a vailable i n t he e vent o f m assive b lood l oss. 
ἀ e patient i s prepped from neck to k nees to allow f or 
entrance into either the chest or abdomen, and to permit 
access t o t he f emoral v essels. E ntrance t o t he c hest c an 
be m ade b y e ither a nterolateral t horacotomy o r s ternot-
omy. To achieve rapid control of pulmonary parenchymal 
hemorrhage, t ractotomy is often employed as a d efinitive 
procedure that is less time consuming and does not carry 
the s ame m orbidity or  m ortality a s a natomic s egmental 
resection o r p neumonectomy [19]. Temporary c hest c lo-
sure w ith  packing, l arge-bore chest d rains, a nd vacuum-
assisted devices a llow f or control o f the p leural s pace 
without i ncrease i n a irway p ressures [20]. R eturn t o t he 
operating room is dependent on the patient’s clinical con-
dition,  status of resuscitation, and restoration o f normal 
physiology.

Diagnostic imaging considerations

Computed t omography of  t he c hest, t hough m ore s ensi-
tive and detailed than plain radiograph, should not be per-
formed r outinely o r r eflexively a s i t d oes n ot r eliably a dd 
diagnostic i nformation t hat p rompts a c hange i n pa tient 
care management. In a study of 43 patients who underwent 
computed tomography (CT) s can b ased on mechanism of 
injury, only 4 had occult thoracic injuries (2 pulmonary con-
tusions, 1 small pneumothorax, and 1 rib fracture) that were 
managed nonoperatively without a change in management 
[21]. Another multicenter study described 396 patients with 
initial chest x-ray (CXR), of whom 174 had subsequent chest 
CT. Of the patients with normal x-ray, nine had findings of 
pneumothorax or pulmonary contusion on chest CT, all of 
which d id not require i ntervention [22]. I n a s tudy of 333 
patients, a ll who required operative management of injury 
had abnormal CXR. ἀ ere were only 30 cases in which chest 
CT p rovided n ew o r d etailed i nformation c ompared w ith 
chest radiograph, m ost commonly small pneumothoraces 
(PTX) (N = 14), hemothoraces (n = 11), contusions (n = 11), 
or fractures (n = 16). Only one pneumothorax required tube 
thoracostomy [23].

ἀ e risk of malignancy from chest radiation is a real con-
cern in pediatric patients. For patients less than 14 years of 
age r eceiving a t horacic C T, t he a verage n umber o f s cans 
needed t o p roduce o ne f uture l eukemia o r s olid c ancer i s 
563. ἀ e risk of solid malignancies is greater than leukemia, 
and t he r isk for females (1 c ancer p er 330–480) i s g reater 
than males (1 cancer per 1080–1650) across age groups for 
chest scans. R isk is a lso relative to age, with younger chil-
dren at g reater r isk of developing b oth s olid a nd hemato-
logic m alignancies a fter c hest i maging [ 24]. U sing t his 
number needed to h arm o f 563 a nd a n umber needed t o 
treat of 304, Ham et a l. calculated a b enefit to risk ratio of 
1.85, meaning t hat for every 1.85 i njuries found requiring 
a c hange i n m anagement ( typically t ube t horacostomy), 
one child would get cancer [25]. Despite increased publicity 
and awareness of this risk, from 1996 to 2010 the number of 
chest scans still increased by 50% [24].

AP chest radiograph is the mainstay of diagnosis and ini-
tial imaging modality of choice in pediatric trauma patients. 
For many patients with trauma to the chest, plain radiograph 
is sufficient as a screening tool. Additional imaging is obtained 
based on abnormal chest radiograph results, physical exam, 
and clinical judgment. For instance, chest CT is indicated i f 
there is an abnormal chest radiograph and concern for major 
vascular i njury. Adolescents w ho pr esent w ith h igh-velocity 
mechanisms typical of adult trauma patients (e.g., motor vehi-
cle collision [MVC] at high rate of speed or chest into steering 
wheel) are at risk for deceleration injuries to the thoracic aorta 
and should also undergo contrasted chest CT scan.

Ultrasound i s a p ortable, r eadily a vailable, l ow-cost 
imaging modality that does not carry the radiation burden 
of CT scan, making it as a useful adjunct in the evaluation 
of the pediatric trauma patient. Cardiac ultrasound is per-
formed as part of the standard primary survey for trauma 
patients v ia t he FAST e xam a nd i s r outinely u sed i n t he 
evaluation of suspected cardiac injury. ἀ oracic ultrasound 
is performed less frequently; however, it can be valuable in 
the diagnosis of chest wall, pleural space, lung parenchyma, 
and diaphragm injuries [26].

Injuries

Pulmonary contusion

ἀ e most common injury after blunt trauma is pulmonary 
contusion, w hich c an b e s een i n t he a bsence o f r ib f rac-
ture or evidence of trauma on physical exam [1,27]. As with 
other t horacic i njuries, chest radiograph i s t he d iagnostic 
modality o f c hoice ( Figure 1 7.2). P arenchymal c ontusion 
may not be immediately visible on admission chest radio-
graph as it can take 4–6 h or more after injury for lesions to 
“blossom.” Chest CT will occasionally demonstrate contu-
sions not seen on chest radiograph (Figures 17.3 and 17.4); 
however, these CT-only lesions do not carry any increased 
morbidity a nd d o n ot c hange o verall m anagement [ 28]. 
Several a natomic c hanges r esult f rom l ung pa renchymal 
contusion, namely hemorrhage, edema, and consolidation, 
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which c ause a lveolar filling a nd i nterstitial t hickening. 
ἀ is results in reduced lung compliance causing ventila-
tion/perfusion mismatch (shunting), hypoventilation, and 
hypoxia [4]. In small areas these pathophysiologic changes 
have little effect on a patient’s overall respiratory function. 

However, i f t he t raumatized a rea i s l arge e nough, r espi-
ratory f unction m ay b e c ompromised a s e videnced b y 
reduced Pao2/FIo2 ratio [29].

Management i ncludes c lose observation, a nalgesia, a nd 
aggressive pulmonary toilet. With adequate treatment, the 
pathophysiologic c hanges d escribed a bove r esolve c om-
pletely w ithin a f ew d ays a nd t he l ung pa renchyma f ully 
recovers i ts g as e xchange f unction. C omplications m ay 
include t he development of pneumonia [30], which occurs 
after b acterial c olonization a nd su perimposed i nfection 
of c onsolidated, i nflamed l ung pa renchyma. P ulmonary 
contusion in the adult population has been associated with 
respiratory f ailure, v entilator-associated p neumonia, a nd 
acute respiratory d istress s yndrome; h owever, t he risk o f 
respiratory failure requiring intubation or mortality attrib-
utable t o pa renchymal c ontusions t hemselves s eems t o b e 
less in children [29,31].

Rib fractures

Rib fractures are one of the more common chest injuries 
in p ediatric pa tients; h owever, t hey a re l ess f requently 
seen i n c omparison w ith a dults d ue t o t he p liable a nd 
incompletely o ssified n ature o f p ediatric s keletal s truc-
tures. ἀ erefore t heir p resence s hould s ignify a g reater 
force of injury and raise the level of suspicion for intra-
thoracic a nd i ntra-abdominal o rgan i njuries. I n c om-
parison with adults, children present less commonly with 
isolated rib fractures and more frequently have associated 
pulmonary c ontusion a nd h emothorax/pneumothorax 
as w ell a s e xtrathoracic i njuries, i ncluding b rain i njury, 
spleen a nd l iver i njury, a nd e xtremity f racture [ 1,32]. 
Further, c hildren d emonstrate a u nique m ortality r isk 
pattern a ssociated w ith r ib f racture: I ncidence o f d eath 
doubles from 1.8% without rib fracture to 5.8% for one rib 
fracture and then nearly linearly increases up to 8.2% for 
seven fractures [33].

Rib f ractures a re c ommonly d iagnosed w ith t he i nitial 
screening A P c hest r adiograph i n t rauma pa tients. C hest 
CT scan is more sensitive and can provide additional detail 
regarding fracture location and characteristics (Figure 17.5); 
however, in most cases this is not indicated unless additional 
injuries are suspected. Low rib fractures may be associated 
with l iver/spleen o r d iaphragmatic i njury. ἀ ere i s s ome 
controversy r egarding t he a ssociation b etween h igh r ib 
fractures a nd g reat v essel i njury; s ome l iterature su ggests 
that t his a ssociation i s n ot s een i n c hildren a nd n o a ddi-
tional studies are required for first rib injury [34]; however, 
many pediatric centers continue to include CT angiogram 
in protocols for patients w ith evidence of s ignificant force 
to t he u pper c hest ( first r ib f racture p roximal c lavicular 
fractures w ith p osterior d islocations o f t he s ternoclavicu-
lar j oint, s ternal f racture f rom d irect c hest b low during a 
high-speed M VC, e tc.). A n uanced a pproach t o i maging 
based on patient injuries, mechanism, and clinical status is 
likely the best strategy.

Level 1

NT/MM

Portable
Trauma

Figure 17.2 Six-year-old female pedestrian struck and 
pinned between two cars. Extensive pulmonary contu-
sions are seen on plain radiograph.

Figure 17.3 Six-year-old female pedestrian struck and 
pinned between two cars. Extensive pulmonary contu-
sions are seen on chest CT.

Figure 17.4 Three-year-old female MVC unrestrained and 
ejected from the car. CT reveals extensive bilateral pulmo-
nary contusions.
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While r ib f ractures i nfrequently p ose a ny f unctional 
limitation t hemselves, t hey a re a ssociated w ith pa in a nd 
decreased respiratory effort. Treatment includes adequate 
analgesia (oral medications with intravenous medications 
for breakthrough) and a ggressive c hest p hysiotherapy to 
prevent a telectasis a nd d evelopment o f pn eumonia. I n 
adults, p opular a nalgesic s trategies i nclude pa ravertebral 
blocks or  t horacic e pidural a nalgesia. ἀ ese t herapies 
should b e c onsidered a s pa rt o f t he first-line a nalge-
sic p lan for u se i n p ediatric pa tients a s well, a s t hey c an 
speed the time to recovery, provide superior pain control, 
and d ecrease t he n eed f or o ral a nd i ntravenous n arcotic 
medications. Unfortunately, the use of these techniques in 
children is less common and thought to be limited by lack 
of data regarding safety and efficacy, technical challenges 
of t he p rocedure i n c hildren, a nd u nfamiliarity r egard-
ing drug selection, dosing, and toxicity [35,36]. Flail chest 
is a n i ncredibly u ncommon e ntity i n p ediatric pa tients; 
operative stabilization w ith r ib plating should be consid-
ered for those with ongoing pain control issues or respira-
tory insufficiency [37].

Rib fractures are often seen as a manifestation of child 
abuse (Figure 17.6). ἀ is is a “sentinel injury” in patients age 
<3 and should mandate additional testing to assess for non-
accidental i njuries [ 38,39]. F ractures r esulting f rom t his 
mechanism tend to be anterior and posterior, and the vast 
majority a re n ondisplaced. W hile t hey m ay b e d iagnosed 
on skeletal survey, the characteristics of these fractures may 
result i n m issed i njuries u sing plain film a lone. C hest C T 
can a id in t he workup of t hese patients in equivocal cases 
[40]; however, a b one scan (skeletal survey) or repeat chest 
radiograph several weeks after the abusive episode are more 
frequently used to show evidence of healing fractures with-
out the high burden of radiation that accompanies CT scan. 
Abused c hildren on average h ave a g reater number o f r ib 
fractures t han c hildren w ith a ccidental injuries but fewer 
associated i ntrathoracic i njuries; t his i s a r eflection of t he 
abusive m echanism a nd d oes n ot i ndicate a ny i ncreased 
bone fragility in victims of abuse [41].

Pneumothorax

ἀ e i ncidence o f p neumothorax i n c hildren r anges f rom 
5% to 38% [1,42] of a ll c hest i njuries. P neumothorax m ay 
be d ifficult to d iagnose on supine chest r adiograph a nd i s 
more readily apparent on upright films or lateral films with 
the a ffected side up. Findings on chest radiograph include 
hyperlucency of lung fields, a visible pleural line, absence of 
lung markings outside this pleural line, collapsed lung, and 
occasionally subcutaneous emphysema. A tension pneumo-
thorax will result in midline shift of the mediastinum and 
tracheal d eviation a way f rom t he a ffected s ide; h owever, 
this entity can often be diagnosed expeditiously on physical 
exam without delay or imaging. It is managed with imme-
diate relief of the tension pathophysiology with decompres-
sion of the pleural space either by needle decompression or 
tube t horacostomy placement. In patients w ithout respira-
tory or hemodynamic compromise, s imple P TX often c an 
be safely observed and managed with supplemental oxygen, 
close monitoring, and repeat imaging to document resolu-
tion/stability/improvement i n P TX a s well a s to a ssess for 
blossoming p ulmonary i njury t hat m ay r equire i nterven-
tion (e.g., hemothorax) later in the postinjury period.

With the increasing use of cervical, chest, and abdominal 
CT in the evaluation of pediatric trauma patients [24], thoracic 
injuries t hat may previously have gone undetected are more 
commonly being identified. “Occult pneumothorax” is defined 
as a pneumothorax identified on CT scan that was not seen on 
initial screening chest radiograph. In a l arge series f rom the 
PECARN network, occult pneumothorax accounted for 60% 
of all PTX diagnosed in children. Most children were observed 
without i ntervention, i ncluding t hose u ndergoing p ositive 
pressure v entilation: Tube t horacostomy w as p erformed i n 
57.4% of patients with non-occult PTX and 15.6% of patients 
with occult PTX [43]. In another series of patients with occult 
PTX, the m ajority were m anaged without intervention. N o 
patient initially observed developed a tension pneumothorax 
or adverse event related to observation, even in the presence of 
rib fractures and positive pressure ventilation [44].

Figure 17.5 Ten-year-old male restrained passenger high-
speed MVC. Fractures of left ribs 3, 4, and 5.

Figure 17.6 Two-month-old male victim of child abuse with 
right humerus fracture and healing bilateral anterolateral 
rib fractures (right 4th, 5th, 6th and left 3rd, 4th, 6th ribs).
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Hemothorax

Hemothorax i s o ne of  t he m ore c ommon t horacic i nju-
ries, with a reported incidence of 7%–29% of chest injuries 
in a nalyses o f p ediatric t rauma r egistries. H emothorax 
appears on chest radiograph as opacification or haziness of 
lung fields, blunting of the costodiaphragmatic angle, or an 
air-fluid level (Figures 17.7 and 17.8).

Hemothoraces f rom p enetrating t rauma c an b e t reated 
with tube thoracostomy drainage in the vast majority of cases. 
In patients with massive hemothorax or hemothorax causing 
hemodynamic compromise from any mechanism, immediate 
tube thoracostomy should be performed using a t ube of suf-
ficient size to allow adequate drainage of intrathoracic blood. 
Transfer to the operating room for thoracotomy is indicated 
if i nitial c hest t ube d rainage >15 m L/kg or su bsequent out-
put >2 mL/kg/h. For an open pneumothorax or sucking chest 
wound, a t hree-sided o cclusive d ressing s hould b e a pplied 
with placement of tube thoracostomy through a separate site.

Guidelines r egarding t he m anagement o f h emothora-
ces from blunt trauma in hemodynamically stable patients 
are l ess s traightforward: M anagement o ptions i nclude 

observation, tube thoracostomy, or surgical intervention 
depending on the patient’s clinical presentation and hemo-
dynamic status. In a series of 23 patients after blunt trauma, 
patients w ith s mall volume h emothoraces, pa rticularly 
those i dentified o n C T s can b ut n ot a ppreciated o n c hest 
radiograph, w ere suc cessfully m anaged w ithout t ube t ho-
racostomy and saw no increase in retained hemothorax or 
empyema e ven i n t he s etting of r ib f ractures a nd p ositive 
pressure ventilation. Increase in the volume of hemothorax 
was associated with need for tube thoracostomy [45].

Hospital a dmission a nd c lose o bservation a re i ndicated 
for a ll pa tients w ith h emothorax. D elayed s equelae f rom 
traumatic hemothorax are of chief concern as blood in the 
pleural s pace c an t rigger a fibrotic r eaction t hat r esults i n 
atelectasis, inadequate lung expansion, ventilation/perfusion 
mismatch due t o t rapped lung, pneumonia, a nd e mpyema 
[45]. Serial imaging to document resolution of hemotho-
rax is recommended, with intervention (tube thoracostomy 
placement or video-assisted thoracoscopic surgery drainage) 
indicated for patients with increase in volume of hemothorax 
or incompletely drained hemothorax on repeat radiographs.

Pneumomediastinum

Pneumomediastinum i s u ncommon i n p ediatric pa tients 
after blunt chest trauma, with some series reporting an inci-
dence of <0.005% [46,47]. ἀ ese patients typically undergo 
an e xpensive and i nvasive workup i n order to r ule out 
underlying esophageal, tracheobronchial, or major vascular 
injury. However, only a s mall minority of patients in these 
series sustained injuries to these structures (3%–4%), all of 
whom had other significant traumatic findings which would 
have been identified on CXR as well as c linical symptoms 
such as cardiorespiratory instability [46,47]. ἀ e finding of 
isolated p neumomediastinum w ithout c linical s ymptoms 
of i njury i s typically self-limited a nd benign. ἀ e goals of 
management of these patients are to limit unnecessary tests 
while e nsuring t hat s ignificant a erodigestive i njuries a re 
identified; therefore, a stable, asymptomatic child who pres-
ents w ith i solated p neumomediastinum a fter b lunt i njury 
can be safely observed. In most cases, those with associated 
thoracic injuries may also be observed with additional test-
ing based on the child’s clinical condition.

Tracheobronchial injury

Tracheobronchial i njuries i n c hildren a re r are ( incidence 
<0.05%), accounting for less than 0.05% of lesions after chest 
trauma i n c hildren a ccording t o r etrospective d atabase 
reviews o ver t he pa st s everal d ecades [48]. ἀ e m ost c om-
mon c ause o f t racheobronchial i njuries i n c hildren i s i at-
rogenic, t ypically during endotracheal i ntubation. Many of 
these i njuries c an b e m anaged n onoperatively i nitially b ut 
may be complicated by t racheal s tenosis a nd need for d ila-
tions and future elective procedures [49]. Accidental injuries 
may occur from either blunt or penetrating trauma; in con-
trast to adult patients, blunt trauma is responsible for 94% of 

Figure 17.7 Fifteen-year-old male with penetrating 
trauma to the chest. Radiograph shows subcutaneous 
emphysema (solid arrow), 7th to 8th rib fractures (dashed 
arrows), and hemothorax with increased opacification of 
right lung fields. 

Figure 17.8 Fifteen-year-old male with penetrating trauma 
to the chest. Chest also demonstrates hemothorax.
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pediatric tracheobronchial injuries [48]. Blunt trauma causes 
airway r upture d ue t o h igh i ntraluminal p ressures w ith a  
closed glottis, deceleration forces, or disruption by lung trac-
tion during compression of the thorax. Frequently reported 
mechanisms include MVC, chest compression, or falls.

Tracheobronchial i njuries a re n ot w ell v isualized w ith 
conventional r adiology a nd s hould i nstead b e d iagnosed 
via bronchoscopy. Particularly for patients with more subtle 
presentation ( partial t ears v s. c omplete t ransection), p ro-
viders should maintain a h igh index of suspicion and pur-
sue direct visualization of the tracheobronchial tree to rule 
out injury. ἀ is injury should be suspected with persistent 
air leak from a chest tube placed in the setting of pneumo-
thorax, subcutaneous emphysema, or pneumomediastinum 
(Figures 17.9 and 17.10). ἀ e m embranous trachea i s t he 
most commonly involved area in children, as it is lacking in 
cartilaginous support.

For patients with complete transection and uncontrolla-
ble air leak, surgical intervention is indicated. Lung resection 

may be required depending on the condition of the t issues 
and parenchyma; in other cases stump revision and primary 
anastomosis are possible [50]. For patients with partial tears, 
nonoperative m anagement w ith or  w ithout e ndotracheal 
intubation distal to the site of injury often allows for healing 
of the trachea. Patients should receive prophylactic a ntibi-
otic coverage to reduce the risk of mediastinitis. Expedient 
extubation to avoid additional iatrogenic airway injury and 
avoidance of positive pressure ventilation to prevent existing 
injury exacerbation are recommended [37]. Injuries typically 
heal w ithout c omplication, t hough l ate s tricture r equiring 
surgical i ntervention h as b een r eported i n pa tients w ith 
missed diagnosis at the time of injury [50].

Major vessel injury

ἀ oracic a ortic i njuries a re u ncommon i n c hildren; w ith 
a p rehospital m ortality r ate o f g reater t han 9 0%, t hese 
patients represent as few as 0.1% of the cases presenting for 
hospital care [51–54]. Factors contributing to the low inci-
dence a re p osited to b e i ncreased c ompliance of t he c hest 
wall and elasticity of the tissues, lack of atherosclerotic dis-
ease, and decreased body mass translating into a lower mag-
nitude of force on impact [51]. Mechanism is predominantly 
blunt force due to MVC but may include penetrating trauma 
in a dolescent a ge g roups [53]. I njuries m ay i nclude a ortic 
tears, a ortic t ransection, a nd p seudoaneurysm f ormation. 
Diagnosis is suggested by clinical history and presentation 
as well as widened mediastinum on screening chest radio-
graph. A dditional i maging w ith c ontrasted c hest C T w ill 
make the definitive diagnosis (Figures 17.11 and 17.12).

While many injuries in children may be successfully man-
aged nonoperatively ( e.g., b lunt splenic o r hepatic i njury), 
aortic injury continues to carry a l ow threshold for surgical 
intervention in children for several reasons. First, the risk of 
aortic rupture carries significant lethal potential; second, the 
natural history of these injuries is largely unknown due to the 
low incidence of cases managed nonoperatively; third, many 
patients have concurrent traumatic brain injury and require 
maintenance of adequate cerebral perfusion pressures that 
are incompatible with blood pressure–lowering strategies for 

Semi-upright

Figure 17.9 Fifteen-year-old male all-terrain vehicle (ATV) 
crash presented with left pneumothorax and pneumome-
diastinum. There was persistent pneumothorax and air 
leak despite two well-placed chest tubes. Bronchoscopy 
revealed left mainstem bronchial injury. He underwent 
sleeve resection of the left mainstem bronchus and a 
primary bronchial repair.

Figure 17.10 Fifteen-year-old male ATV crash presented with left pneumothorax and pneumomediastinum. There was 
persistent pneumothorax and air leak despite two well-placed chest tubes. CT scan showed abrupt cutoff of the left main-
stem bronchus posterior to the left pulmonary artery and fluid-filled central bronchi. He underwent sleeve resection of the 
left mainstem bronchus and a primary bronchial repair.
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patients w ith t raumatic a ortic i njury [54]. O perative r epair 
is t herefore i ndicated for t he v ast m ajority o f patients w ith 
frequent p rocedures i ncluding g raft interposition, p rimary 
anastomosis, and patch repair, depending on the extent and 
location of i njury a s well a s patient a natomy. Endovascular 
repair m ay b e a n o ption f or s ome pa tients ( Figures 1 7.13 
through 17.15) with similar complication and mortality com-
pared w ith o perative g roups r eported i n s mall s eries [ 54]. 
However, the use of endografts in children and adolescents is 
not as widely utilized as in adult patients given that children 
will experience anatomic changes in the aorta over time due 
to growth. Further, CT scans are a c ommonly used modal-
ity for lifelong endograft surveillance, which presents a high 
burden of radiation for young patients.

Cardiac injury

Cardiac injuries are uncommon in injured children, with inci-
dence reported at 0.03%, and may include myocardial contu-
sion, life-threatening arrhythmia (commotio cordis), valvular 
disruption, v entricular l aceration, v entricular r upture, a nd 

traumatic s eptal d efects. Gi ven t he r arity o f t hese i njuries, 
evidence-based practice guidelines are lacking and frequently 
rely o n a dult l iterature. W hile c ardiac e nzymes, e lectrocar-
diogram, and echocardiogram may be useful adjuncts in the 
diagnosis of cardiac injury after chest trauma [55], a high index 
of suspicion and reliance on clinical presentation is vital.

ἀ e largest and most recent review to date included 626 
patients o ver 5 y ears w ith c ardiac i njury f rom t he N TDB 
[56]. ἀ e pa tient c ohort a nd i njury pa tterns i n t his s tudy 
match various case reports and smaller series reported pre-
viously. ἀ e majority of subjects (73%) were adolescent and 
male (75%). Type o f i njury i ncluded c ontusion (59%), l ac-
eration (36%), and other (7%). Contusions were more likely 

Figure 17.11 Six-year-old male gunshot wound to left shoulder, hemo/pneumothorax s/p chest tube placement. CT angio-
gram of the chest and neck revealed complete occlusion of the subclavian artery with distal reconstitution at axillary 
artery.

Figure 17.12 Angiogram of the left upper extremity dem-
onstrates a cutoff of the left subclavian artery at the level 
of the thyrocervical trunk and reconstitution of the axillary 
artery through collateral arterial supply. The collateral 
bypass is mainly through the hypertrophied suprascapu-
lar, circumflex scapular, and subscapular arteries.

Figure 17.13 Sixteen-year-old male fell down from 30 feet. 
Chest radiograph showed widened mediastinum. 
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after b lunt i njury a nd i n y ounger c hildren. L acerations 
were m ore l ikely a fter p enetrating i njury a nd i n a doles-
cent pa tients. A t otal o f 7 7% su stained a ssociated i njuries 
with t he m ost c ommon b eing head i njury a nd o ther t ho-
racic injuries. A total of 9% r equired thoracotomy and 
0.2% underwent sternotomy. Mortality rates were high and 
related to mechanism of injury (firearm injury 76%, MVC 
31%, auto vs. pedestrian accident 27%, fall 25%).

Myocardial contusions are the most common of these 
rare injuries after blunt trauma. Presenting symptoms are 
wide r anging a nd m ay i nclude a rrhythmia, hypotension 
due to myocardial dysfunction, or no symptoms. Isolated 
myocardial c ontusion i s n ot t ypically f atal a nd c an b e 
managed n onoperatively w ith c ontinuous c ardiac m oni-
toring i n a t elemetry u nit. I n a dult pa tients, t he c ombi-
nation of normal ECG a nd Troponin I a t admission a nd 
8 h l ater r ules out t he d iagnosis of s ignificant blunt car-
diac i njury [57]; a s imilar s trategy o f s erial t esting d ur-
ing a p eriod of observation i s often utilized i n p ediatric 

patients a fter c hest t rauma. I nfrequently, m yocardial 
contusion m ay c ause c oronary a rtery i njury a nd p eri-
traumatic myocardial infarction; the underlying etiology 
may b e related to pa rietal hematoma or c oronary a rtery 
dissection, although in some cases it remains unknown. 
Cardiac MRI has been described to distinguish peritrau-
matic m yocardial i nfarct f rom n onischemic m yocardial 
contusion; c oronary a ngiography m ay b e n ecessary t o 
exclude coronary injury in the presence of abnormal MR 
results [58].

Traumatic valvular injury and ventricular septal tears 
are incredibly uncommon in pediatric patients. Most are 
due t o h igh-energy M VCs, m ay o r m ay n ot b e a cutely 
symptomatic, a nd m ay b e a ccompanied b y c onduction 
defects [55]. I njuries suc h a s ventricular r upture t end to 
be r apidly f atal; however, patients w ho su rvive to hospi-
tal evaluation have increased rates of survival with rapid 
diagnosis a nd management [59]. ἀ is c an b e done u sing 
portable b edside u ltrasound ( FAST e xam) o r f ormal 
echocardiogram.

Patients w ith p enetrating c ardiac i njury m ay d evelop 
tamponade over some period of time rather than abruptly; 
formal echocardiogram or bedside FAST exam can permit 
rapid i dentification o f i njury a nd e xpedite t ransfer t o t he 
operating room for further evaluation (pericardial window, 
etc.) [59].

Diaphragm injury

Diaphragm injuries are uncommon in children (incidence 
< 0.1%) and may result f rom blunt (MVC or fall) or pen-
etrating ( gunshot w ound o r s tabbing) t rauma [ 60–62]. 
ἀ ey occur more often in isolation in children compared 
with a dults; ho wever, t he m ajority of  c hildren s ustain 
additional i njuries a s t he a mount o f f orce r equired t o 
injure the d iaphragm commonly d amages surrounding 
intra-abdominal and intrathoracic v iscera and structures 

Figure 17.14 Sixteen-year-old male fell down from 30 feet. CT chest with contrast demonstrated 2.9 cm × 2.2 cm × 2.1 cm 
pseudoaneurysm arising from the proximal descending thoracic aorta.

Figure 17.15 Sixteen-year-old male fell down from 30 
feet. The patient underwent Thoracic Endovascular Aortic 
Repair (TEVAR) using stent graft device.
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[60,61,63]. ἀ e l eft side i s m ore c ommonly a ffected, a nd 
herniation o f v iscera i ncluding s tomach, c olon, s mall 
intestine, o mentum, s pleen, a nd l iver m ay be o bserved. 
Diagnosis can o ften b e made u sing AP c hest r adiograph 
that shows a nasogastric tube coiled in the chest, elevated 
or absent hemidiaphragm, bowel loops in the chest, soft-
tissue o pacity i n t he c hest, m ediastinal s hift away f rom 
the i njured s ide, a nd p leural e ffusion. C hest C T w ith 
coronal a nd s agittal r econstructions m ay b e u seful t o 
confirm i n subtle or equivocal c ases. However, d iagnosis 
easily m ay be overlooked w ithout a h igh d egree of c lini-
cal suspicion. Providers should maintain a l ow t hreshold 
to p erform d iagnostic l aparoscopy or t horacoscopy w ith 
thorough evaluation of bilateral diaphragms in suspected 
cases of diaphragm injury, and careful inspection of both 
diaphragms should also be undertaken routinely dur-
ing t rauma l aparotomy. I n c ases d iagnosed i mmediately 
after i njury, a pproach v ia t he a bdomen i s r ecommended 
given t he h igh rate of concomitant i ntraperitoneal organ 
injuries. In the event of a delayed diagnosis, a t horacic or 
combined a pproach m ay b e r equired i n t he p resence o f 
adhesions i n t he pleural cavity. Primary repair can often 
be accomplished, with large or c hronic defects requiring 
a patch.

Esophageal injury

Esophageal injury is exceedingly rare in pediatric t rauma. 
Most series in children combine multiple etiologies (iatro-
genic injuries, functional disorders, and caustic ingestions) 
along w ith t he few c ases of e sophageal i njury due to pen-
etrating and blunt trauma. ἀ e infrequency of the injury as 
well as the reporting prevents detailed analysis of this entity 
in p ediatric pa tients. M uch of t he knowledge i s t herefore 
derived f rom adult patients, in whom esophageal injury is 
also r elatively u ncommon. M ortality a nd m orbidity c an 
reach 7 0% d epending o n a ssociated i njuries a nd t ime t o 
diagnosis/intervention [64]. ἀ is highlights the importance 
of e arly d iagnosis; h owever, t his c an b e c hallenging i n a 
multiply i njured pa tient w hose o ther s evere i njuries m ay 
take precedence or prevent t he performance of d iagnostic 
studies.

ἀ e vast m ajority of  esophageal i njuries r esult f rom 
penetrating t rauma a nd s hould b e m anaged su rgically. 
Most a re adequately controlled w ith primary repair w ith 
or w ithout muscle flaps to buttress t he repair a nd c losed 
suction d rainage. I n s ome c ases e sophageal e xclusion 
may be indicated [65]. ἀ e literature contains only e ight 
case reports of esophageal perforation after blunt injury 
in  children <16 years of age in the past 55 years [64,66]. 
While t he i ntrathoracic e sophagus i s p rotected f rom 
direct i njury b y b lunt t rauma, p erforations c an o ccur 
due to rapid increases in intraluminal pressure, ischemic 
injury a fter d evascularization f rom d eceleration/traction 
mechanism, and blast injury if force is transmitted from 
the trachea [67].
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Pediatric abdominal trauma

LAUREN GILLORY and BINDI NAIK-MATHURIA

Abdominal trauma remains a cause of signiἀcant morbid-
ity in children despite advances in the care of these patients. 
Blunt i njuries a ccount f or a pproximately 9 0% o f p ediatric 
trauma. According to a review of several trauma databases, 
approximately 8%–12% of c hildren su ffering b lunt t rauma 
will h ave a n i ntra-abdominal i njury [ 1]. M otor v ehicle 
crashes, autopedestrian injuries, and falls constitute the most 
common m echanisms f or b lunt a bdominal t rauma. O ther 
common causes include bicycle accidents, all-terrain vehicle 
injuries, and child abuse. Fortunately, most of the children 
suffering blunt abdominal trauma have an excellent progno-
sis w ith g reater t han 9 0% su rvival [2]. Nonoperative man-
agement (NOM) of the majority of blunt abdominal trauma 
has b ecome a m ainstay s ince t he o riginal a dvances i n t he 
1960s a nd 1970s. Since t he i ntroduction of observation for 
blunt s plenic l aceration a nd hematoma, p ediatric surgeons 
have c ontinued to push t he e nvelope w ith regard to m ini-
mizing unnecessary operative and diagnostic interventions.

In contrast to blunt abdominal trauma, penetrating inju-
ries are signiἀcantly less common in the pediatric popula-
tion c ompared t o t he a dult p opulation. M any s imilarities 
exist between the treatment of penetrating trauma in adults 
and c hildren, t herefore t he m ajor t enets o f a dult t rauma 
apply in the pediatric population. The two variables that 
impact severity of the injury are the location of the penetrat-
ing wound and type of weapon used. Gunshot wounds and 
stab w ounds a re m ore l ikely t o w arrant su rgical e xplora-
tion due to higher probability of injury to intra- abdominal 
organs and subsequent hemodynamic instability.

Children are prone to solid organ injury due to propor-
tionally l arger v ital o rgans, m inimal su bcutaneous tissue, 
and lack of su fficient protective chest wall a nd abdominal 
musculature, a s well a s a s maller su rface a rea to d issipate 
the force associated with pediatric trauma [3]. The nonop-
erative approach to abdominal trauma is one of the arenas 
where p ediatric m anagement l ed t he w ay t o a dvances i n 
adult t rauma care. Care of children experiencing abdomi-
nal trauma has continued to evolve over the last few years. 
In this chapter, the current management patterns for blunt 
and p enetrating a bdominal t rauma w ill b e r eviewed w ith 
attention t o t he m ost c urrent p ractice a nd l iterature. We 
also r eview a spects o f c are t hat a re u nique t o t he p ediat-
ric t rauma pa tient. I n a ddition, w e i nclude s ome n ovel 
approaches to imaging and treatment that have contributed 
to progress in the ἀeld.

Initial evaluation of pediatric blunt 
abdominal trauma

Emergent c are o f t he t rauma pa tient f ollows a p redictable 
sequential a lgorithm t hat h as b een v alidated t hrough e vi-
dence for adults and children. Advanced Trauma Life Support 
(ATLS) mandates conἀrmation of a patent airway, adequate 
breathing, a nd a ppropriate c irculation w ith a ssessment o f 
neurologic disability at presentation and with each change 
in clinical status. If an intra-abdominal injury is suspected 
to be contributing to hemodynamic instability, it should be 
appropriately evaluated prior to proceeding to the secondary 
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survey. The patient may require emergent surgical explora-
tion if there is not an appropriate response to resuscitation. 
Once the primary survey is completed without any need for 
intervention, a t horough abdominal e xam o ccurs w ith t he 
secondary survey. Many children present a pa rticular chal-
lenge in the evaluation for abdominal injuries due to inad-
equate o r a bsent c ommunication s kills, m inimal e xternal 
signs, increased physiologic reserve leading to maintenance 
of normal vital signs in the face of signiἀcant blood loss, and 
varying injury patterns speciἀc to age groups [4]. In the set-
ting of a high index of suspicion for intra-abdominal injury, 
imaging is the most readily available adjunct and should be 
tailored to each individual patient depending on the mecha-
nism of injury and ἀndings on the secondary exam.

Abdominal CT is particularly helpful in the evaluation of 
trauma patients due to its high sensitivity in detecting torso 
injuries. However, current research supports limiting radia-
tion when possible, particularly in the pediatric population. 
Clinical practice b egan to change a fter t he observation i n 
2001 b y D r. D avid B renner t hat r adiation f rom C T s cans 
increases t he r isk o f f atal c ancer i n our y oungest pa tients 
[5]. Subsequent researchers have shown that there is a lin-
ear increase in multiple types of cancer with the amount of 
radiation exposure [6,7]. Acceptance of the increased risks 
associated w ith low-dose r adiation f rom d iagnostic i mag-
ing resulted in the as low as reasonably achievable (ALARA) 
principle [8]. There has been a c oncerted effort to decrease 
the amount of radiation delivered with each imaging study 
and t o l imit t he C T e xaminations t o t hose t hat a re a bso-
lutely i ndicated. I n l ight o f t hese r ecommendations, t he 
evaluation of the trauma patient has evolved in the last two 
decades.

Thoughtful a pplication o f i maging i n t he p ediatric 
trauma pa tient h as r esulted i n t he d evelopment o f p roto-
cols t o d etermine a ppropriateness o f o rdering a bdominal 
CT scans. Prior to interventions to l imit imaging, the rate 
of n ormal C T s cans i n t he p ediatric t rauma p opulation 
was w idely v ariable a nd a lmost e xclusively r eported f rom 
trauma centers. Fenton et al. identiἀed a group of 1422 pedi-
atric trauma patients that underwent CT scans and 54% had 
normal ἀndings [3]. When these researchers looked speciἀ-
cally a t a bdominal C T s cans, 67% h ad no a bnormal ἀ nd-
ings and only 2% of the patients were taken to the operating 
room f or e xploratory l aparotomy. S ince w e h ave m inimal 
information from transferring institutions and general hos-
pitals, normal CT scans for pediatric t rauma may be even 
more pervasive than reflected in the literature.

A s tudy f rom J indal e t a l. e xamined r ecords f rom 
patients a ge s even o r y ounger w ho e xperienced m ild t o 
moderate trauma (injury severity score ≤15) admitted to a 
single p ediatric t rauma c enter o ver t he c ourse o f 2 y ears 
and c ompared t hem t o a dult pa tients m atched f or i njury 
severity a nd mechanism of i njury [9]. Findings suggested 
that p ediatric t rauma pa tients h ad a h igher l ikelihood o f 
undergoing C T s cans t han t heir a dult c ounterparts a nd 
that “ pan-scans,” w hich r efer t o C T s canning f rom h ead 
to p elvis, were m ore p revalent. This r etrospective study 

from a s ingle institution supports the recognized practice 
commonly seen in adult t rauma centers where evaluation 
of pediatric blunt abdominal trauma is challenging to pro-
viders who have l imited experience w ith children [10]. In 
addition, community hospitals are less likely to follow rec-
ommended practices to decrease radiation exposure f rom 
each individual study. According to Agarwal et al., the tube 
voltage a nd t ube c urrent w ere h igher o n a verage a t h os-
pitals that did not specialize in the care of children [11]. 
Patients are less l ikely to be exposed to excess radiation if 
promptly transferred to or initially evaluated at a pediatric 
trauma center [10].

At the Texas Children’s Hospital, an abdominal trauma 
protocol has improved resource use and decreased the rate 
of negative CT imaging [12]. The protocol separated patients 
suspected o f b lunt a bdominal t rauma i nto f our c atego-
ries: (1) u nconscious, (2) c onscious w ith u nreliable e xam, 
(3) c onscious w ith r eliable e xam, a nd (4) a bdominal w all 
bruising. E ach c ategory h ad a d istinct a lgorithm t o g uide 
the e valuation ( Figure 18.1). W ith i mplementation o f t his 
clearly constructed abdominal trauma protocol, which pro-
vided consistency among many providers, rates of positive 
CT scan ἀndings increased from 23% to 49% and clinically 
signiἀcant ἀ ndings o n a bdominal C T w ent f rom 1 4% t o 
32%. I n addition, e xpenditures on l aboratory testing were 
decreased by 39% after implementation of the revised ver-
sion of t he protocol [12]. These i mprovements c ame a t no 
signiἀcant increased t ime to CT scan when indicated, nor 
prolonged stay in the emergency center (prior to discharge 
or t ransfer t o t he i npatient w ard). These ἀ ndings v alidate 
multiple other studies that utilize patient history and physi-
cal exam ἀndings to direct the evaluation of blunt abdomi-
nal trauma [13,14].

Despite the push to decrease abdominal CT imaging for 
children, CT remains our best noninvasive way to evaluate 
children w ith su spected a bdominal i njuries. S everal p re-
sentations j ustify o rdering t hese s tudies. F irst, a bdominal 
tenderness or su bjective c omplaints o f pa in i n t he s etting 
of blunt abdominal trauma has repeatedly been conἀrmed 
as a j ustiἀcation f or a bdominal C T [12,15]. I n a ddition, a 
well-deἀned i njury t hat has a h igh association w ith i ntra-
abdominal injury is the presence of abdominal wall bruis-
ing o r s eat b elt s ign. A bnormal l aboratory v alues m ay b e 
helpful to determine the need for CT in some cases, such as 
elevated pancreatic enzymes or anemia. The role of elevated 
liver transaminases or microhematuria a lone as indicators 
of abdominal organ injury is still debatable. At our institu-
tion, we r ely h eavily o n p hysical e xamination a nd l ess o n 
abnormal l aboratory v alues, u nless t he p hysical e xamina-
tion is unreliable such as in a child with altered mental sta-
tus or a very young, agitated child.

Ultrasound is the second most commonly used imaging 
modality i n t he t rauma p opulation a nd f ocused a bdomi-
nal s onography f or t rauma ( FAST) i s a w idely a ccepted 
tool in the management of adults. To conduct a FAST, four 
views a re o btained u sing a b edside u ltrasound: t he p eri-
splenic o r s plenorenal s pace, p erihepatic o r h epatorenal 
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recess ( Morrison’s p ouch), p elvic, a nd p ericardial v iew 
(Figure  18.2). The strength of this examination is in the 
detection of free fluid in locations that can affect manage-
ment or identify a s ource of hemodynamic instability. For 
pediatric pa tients, FAST i s m ore c ontroversial a nd n ot a s 
widely u tilized. O riginal r esearch i n t he ἀe ld i ndicated a 
relatively high number of missed intra-abdominal injuries 
in t he p ediatric p opulation, e specially w hen t here w as a n 
absence o f f ree i ntraperitoneal fluid [16]. A r ecent a rticle 
from Menaker e t a l. i ndicates t hat appropriate u ltrasound 
exams c ould r estrict a bdominal C T u se i n n ormotensive 
pediatric t rauma pa tients. The p rospective o bservational 
study c onducted u sing d ata f rom 1 2 e mergency d epart-
ments across t he United States reported t hat FAST exams 
were obtained for only 887 patients (13.7%) of 6468 who met 
eligibility [17]. Analysis of the results revealed that patients 
with l ow o r m oderate r isk o f i ntra-abdominal i njury a s 
judged b y t he t reating p hysicians ( 1%–5% a nd 6 –10%, 
respectively) w ere l ess l ikely t o r eceive a n a bdominal C T 
scan i f a F AST was performed. The s tudy d id not identify 
any missed injuries in the patient population. Although 
other investigators have identiἀed a low sensitivity for FAST 

in the setting of pediatric trauma [18], further studies have 
shown that combining FAST with careful physical examina-
tion increased the sensitivity to 88% [19]. Combining FAST 
with laboratory values indicative of intra-abdominal injury, 
such as liver transaminases, also exhibits an increased sensi-
tivity [20]. Speciἀcally, FAST can serve as a rapid diagnostic 
tool i n t he t rauma bay when a h emodynamically u nstable 
patient may not be suitable for transfer to the CT scanner. 
Ultrasound h as p otential f or i mproving t he e xamination 
of pediatric trauma patients and limiting CT use, but more 
advances in its implementation are necessary.

Another p romising technology t o p romote radiation-
free assessment of pediatric trauma patients is the contrast-
enhanced ultrasound (CEUS). In the last decade, there has 
been some investigation into evaluating solid organ injury 
with ultrasound examinations conducted after the admin-
istration of i ntravenous (IV) c ontrast [21]. With t he addi-
tion of IV contrast, the detection of solid organ injuries after 
blunt t rauma w as i ncreased f rom 5 0% t o 91% w ith u ltra-
sound. In addition to the initial survey of trauma patients, 
CEUS may be particularly useful for follow-up imaging 
of s olid organ injuries and d etection of p seudoaneurysms 
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Figure 18.1 Evaluation of blunt abdominal trauma protocol utilized at Texas Children’s Hospital. (a) Blunt trauma, uncon-
scious. (b) Conscious, unreliable exam. (c) Conscious, reliable exam. (d) Abdominal wall bruising.
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[22,23]. According to multiple studies, sensitivity was 75% 
or better and speciἀcity was 92% or better when utilizing 
CEUS to image delayed pseudoaneurysms when compared 
to contrast-enhanced CT imaging (Figure 18.3). There is not 
wide acceptance of CEUS in the United States and most of 

the l iterature comes from Europe. With further study and 
improved techniques, t his t echnology has t he p otential to 
decrease the need for CT imaging and improve the surveil-
lance of children after blunt abdominal trauma.

Special considerations

Seat b elt s ign i s t he p resence o f b ruising a nd a brasions 
in t he d istribution of t he s afety b elt on t he a bdomen of a 
restrained occupant involved in a motor vehicle crash. One 

(a)

(b)

(c)

Figure 18.2 FAST images. (a) Normal subxyphoid 
view of heart (blood within pericardium would show 
as a black stripe between the heart and pericardium). 
(b) Splenorenal recess with pleural and intraperitoneal 
fluid between kidney and spleen. (c) Free fluid in pelvis, 
with Foley catheter balloon seen in bladder. (Courtesy of 
Dr. Kiyetta Alade, Texas Children’s Hospital.)

(a)

(b)

Figure 18.3 Contrast-enhanced ultrasound images. (a) CT 
demonstrating a grade II splenic laceration. (b) In the 
same patient, the laceration is not noted on a standard 
ultrasound (left), but is clearly demonstrated on contrast-
enhanced ultrasound (right). (Courtesy of Dr. David 
Mooney, Boston Children’s Hospital.)
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study f rom t he p ediatric e mergency c are a pplied r esearch 
network ( PECARN) r eported t hat o f 3 740 t raumas w ith 
appropriate documentation, a seat belt sign was appreciated 
in 585 (16%) patients [2]. Deἀnitive abdominal testing (CT, 
laparoscopy/laparotomy, or autopsy) was obtained in 1864 
patients f rom t his su bgroup a nd i ntra-abdominal i njury 
was p resent i n a h igher p roportion o f t he pa tients w ith a 
seat b elt s ign (19%) t han w ithout (12%). The d ifference i s 
primarily due to an increased rate of hollow viscus or mes-
enteric injuries: 11% when seat belt sign is present versus 1% 
when absent. Multiple other studies with smaller numbers 
reported from single institutions have shown an increased 
rate o f i njuries w hen a s eat b elt s ign w as p resent [24,25]. 
Protocols have appropriately included the seat belt sign as 
a t rigger t o o btain a bdominal C T i maging, a lthough t he 
patient history and physical exam remain the primary indi-
cation. Other than pain, tenderness, and seat belt sign, the 
PECARN group identiἀed elements of the history or physi-
cal exam that should prompt consideration to obtain a C T 
scan [13]. Signs of signiἀcant injury included any abdomi-
nal or thoracic wall trauma, Glasgow Coma Scale score less 
than 13, decreased breath sounds, and vomiting.

Although presence of a s eat belt sign indicates increased 
possibility o f i ntra-abdominal i njury, c hildren w ithout 
abdominal pain and tenderness are still low risk for abdomi-
nal pathology according to Sokolove et al. [26]. Therefore, the 
use o f C T s hould s till b e c onsidered c arefully. S ometimes, 
there will be patients with a seat belt sign who have clear clin-
ical signs of bleeding or hollow viscus injury, such as diffuse 
peritonitis a nd a bdominal d istention o r d iscoloration, w ho 
require i mmediate s urgical e xploration. I n t hese p atients, 
imaging is not necessary. An additional important point in 
the evaluation of patients with a seat belt sign is awareness of 
the association of a thoracolumbar spinal Chance fracture, a 
flexion-distraction injury w hich c an often i nvolve a ll t hree 
spinal columns and lead to an unstable spine with a r isk of 
paralysis. Therefore, i t i s p rudent t o m aintain s trict s pinal 
precautions on patients with seat belt bruising until the spine 
has been cleared by imaging, which can be spinal plain ἀlms 
if CT is not indicated to evaluate for abdominal injury.

Another i njury pa ttern t hat s hould r aise su spicion f or 
abdominal pa thology i s n onaccidental t rauma. A ccording 
to Larimer et al., approximately 10% of battered children 
will suffer an abdominal injury [27]. These authors advocate 
for surgeons to be involved in the care of all acutely abused 
children. A lthough a bdominal i njuries i n t hese pa tients 
can sometimes be subtle, they should be considered during 
evaluation for other injuries. In particular, children with 
thoracic injuries (including acute r ib f ractures) a nd spinal 
fractures are at particularly high r isk for having concomi-
tant abdominal injuries [27]. In infants less t han 1 y ear of 
age, the incidence of abusive abdominal injuries can be even 
higher than that in older children (up to 25%), and duodenal 
injuries are more commonly seen in this population [28]. If 
not already obtained based on clinical suspicion, child abuse 
physicians will often require abdominal imaging in this age 
group in order to document all injuries for legal purposes.

Once t he h istory, p hysical e xamination, l aboratory t est-
ing, and appropriate imaging are obtained for the pediatric 
trauma patient, the disposition becomes the next major deci-
sion branch point. Patients may require an immediate opera-
tion, floor or ICU admission, or discharge from the emergency 
department w ith o bservation a t h ome a nd p ossible o utpa-
tient follow-up. The d etermination o f whether ICU o r floor 
admission is most appropriate remains one that is currently 
in question. Although head injury and a ltered mental status 
is justiἀcation for critical care admission, it is less clear which 
patients beneἀt from an ICU stay for abdominal trauma. The 
American Pediatric Surgical Association (APSA) guidelines in 
the past recommended critical care monitoring for solid organ 
injuries grade IV or greater [29], but recent data support the 
use of hemodynamic parameters and clinical condition as the 
criteria for a higher level of care [12,30,31]. In addition, newer 
abdominal trauma protocols introduce the discharge of appro-
priate patients who lack physical ἀndings of abdominal tender-
ness or have a negative CT scan [12]. Overall, trends are moving 
in the direction of decreasing resource use when appropriate 
and encouraging trauma surgeons to triage patients based on 
clinical presentation as opposed to imaging ἀndings.

Penetrating abdominal trauma

Penetrating i njuries i n c hildren primarily result f rom g un-
shot and stab wounds and constitute 10% of pediatric trauma 
[32]. Firearm-related injuries have a 12% case-related fatality 
rate and account for approximately 25% of pediatric trauma 
deaths according to the National Trauma Data Bank (NTDB) 
[33]. Y ounger c hildren su ffering g unshot w ounds h ave a  
higher mortality risk when compared to adolescents, likely 
due to smaller stature and more crowded organs within the 
torso [34]. U nfortunately, a s igniἀcant n umber of g unshot 
injuries i n c hildren a re a ccidental. A ccording t o O yetunji 
et al., a 2-year review of the NTDB revealed that 26% of ἀre-
arm fatalities affected children aged 14 or younger and a sig-
niἀcantly higher number of these injuries were unintentional 
[35]. Injury prevention education and other concerted efforts 
to decrease ἀrearm-related injuries in children have achieved 
a measure of success in recent years, but penetrating pediatric 
trauma remains a public health concern.

Penetrating injuries should initially be managed similarly 
to any other t rauma patient w ith a r apid assessment of a ir-
way, b reathing, a nd c irculation a ccording t o A TLS g uide-
lines, but the operating room should be alerted because of 
the p otential ne ed f or s urgical i ntervention. R adiographic 
examination should occur simultaneously w ith t he second-
ary su rvey, p rovided t here i s n o h emodynamic i nstability. 
Radio-opaque markers should be placed at g unshot or s tab 
wound sites prior to chest and abdominal radiographs in an 
effort to deἀne trajectory of the missile or foreign body. For 
patients w ith p eritonitis or  c ompromised he modynamics, 
emergent exploration is mandated. Neurologically impaired 
individuals o r t hose w ithout a r eliable a bdominal e xam 
should prompt consideration for immediate laparotomy. For 
stable adult trauma patients, the selective NOM of abdominal 



220 Pediatric abdominal trauma

stab and gunshot wounds has become accepted over the past 
two decades [ 36]. Demetriades et a l. r eported that o ver a  
20-month period, there were 152 patients identiἀed with 185 
penetrating solid organ injuries a nd 61 (40%) were selected 
for CT scan without laparotomy. Ultimately, 41 patients did 
not require surgical exploration; no abdominal complications 
were observed. Overall, 28% of liver, 15% of renal, and 4% of 
penetrating splenic injuries were successfully managed non-
operatively. Abdominal CT is the routine diagnostic tool to 
identify t he t ract a nd i nvolved organs w hen t he nonopera-
tive approach is selected for penetrating abdominal injuries 
[37]. Penetrating trauma is less common in pediatric practice; 
therefore, i t i s more d ifficult to a ssess t he p otential suc cess 
of NOM for this population. Cigdem et a l. described NOM 
in 5 1 o ut o f 9 0 pa tients su ffering p enetrating a bdominal 
trauma from 2003 to 2008 [38]. Of the 51 patients managed 
nonoperatively, only 2 r equired a su bsequent operation and 
only 1 had a missed bowel injury with a 20-hour delay to sur-
gical t herapy. Both were d ischarged f rom t he hospital a fter 
an uneventful postoperative course. This study suggests that 
a penetrating abdominal wound i n a c hild does not a lways 
require a laparotomy. Further investigation is needed to clar-
ify how to select children with penetrating injuries for NOM.

Even in cases when operation is mandated, CT can be use-
ful to better evaluate for skeletal, spinal, or vascular injuries as 
long as the patient is stable enough to delay operation (Figure 
18.4). Once in the operating room, the operation should pro-
ceed in a s ystematic fashion. The chest, abdomen, and groin 
should b e p repped i nto t he o perative ἀe ld. C are s hould b e 
taken to ensure the room is kept at an adequate temperature to 
maintain homeostasis and IV fluids should be warmed. Once 
the incision is made, packs should be placed in the four quad-
rants of the abdomen to control hemorrhage. Each quadrant 
should be thoroughly explored to address all sources of bleed-
ing or contamination. Many different injury patterns can be 
encountered in a pa tient with penetrating abdominal injury. 
The gastrointestinal tract is the most commonly injured organ 
at a frequency of 70% and the pancreas (6%) is generally the 
least a ffected [32]. M ajor v ascular t rauma i s t he most l ikely 
cause of hemodynamic instability in t his patient population 
and a g eneral understanding of the management of vascular 
injuries is vital for the pediatric trauma surgeon.

Penetrating v ascular i njuries c an b e c lassiἀed b ased o n 
the l ocations o f t he r esulting h ematoma. The c entral a bdo-
men constitutes zone 1; any hematoma in this area should be 
formally explored. Injuries in this region are likely to involve 
the major abdominal vasculature a nd may a lso have associ-
ated pancreatic or duodenal injuries. Missed injuries in zone 
1 can have catastrophic outcomes. Zone 2 i njuries are in the 
lateral compartments of the abdomen containing the kidneys, 
renal pedicles, adrenals, and other related urinary structures. 
These hematomas should routinely be explored in the setting 
of penetrating trauma and any bleeding should be addressed. 
Particular attention should be dedicated to ruling out a colon 
injury in zone 2 injuries. If time permits and the hematoma is 
not rapidly expanding, it can be beneἀcial to establish control 
of the renal pedicle prior to exposing the hematoma. Zone 3 

is the pelvis. These injuries are often accompanied by pelvic 
fractures. P enetrating t rauma t o t his r egion w ould j ustify 
exploration of  t he he matoma, a lthough t his a rea i s g ener-
ally m anaged w ith a ngiographic i nterventions i n t he b lunt 
trauma patient. Iliac vessel injuries can be extremely difficult 
to control and diagnosis with ligation or repair is important in 
this injury pattern. The inguinal ligament may be divided to 
achieve distal control of a bleeding vessel. Although vascular 
trauma is not a common presentation in pediatric penetrating 
trauma, it is a cause of signiἀcant mortality and understand-
ing its management remains salient.

Blunt solid organ injuries

Spleen and liver

In pediatric blunt trauma, the l iver and spleen are the two 
organs most likely to be injured. A splenic laceration is the 
most common isolated injury, although the liver and spleen 

(a)

(b)

Figure 18.4 (a) and (b) CT demonstrating the tract of a 
bullet shot through the pelvis of a 3-year-old child. The 
child sustained colon and bladder injuries and multiple 
pelvic fractures.
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are approximately equally involved with trauma [39]. Solid 
organ injury can b e a s igniἀcant source of m ortality a nd 
morbidity if the injury is missed, so it is important to main-
tain a high index of suspicion. Liver and splenic trauma may 
result from two common mechanisms: a speciἀc impact to 
the upper abdomen (e.g., bicycle handlebar, assault, football 
helmet contact) or multisystem trauma from a high-energy 
mechanism ( e.g., f all f rom c onsiderable h eight, m otor 
vehicle collision, a ll-terrain vehicle accident) [40]. H istory 
and physical e xamination i n c ombination w ith l aboratory 
exam can result in elevated concern for solid organ injury 
and s hould p rogress t o a ppropriate r adiographic s tudies. 
Although t here i s a t rend t oward m inimizing r adiation 
as p reviously d iscussed i n t he I nitial e valuation s ection, 
abdominal C T is the gold standard i maging to evaluate 
these i njuries i n a h emodynamically s table pa tient. The 
American A ssociation for t he Surgery o f Trauma (AAST) 
grading s ystem f or s plenic a nd h epatic i njury i s r outinely 
used to classify these injuries and can help guide the man-
agement o f pa tients ( http://www.aast.org/library/trauma-
tools/injuryscoringscales.aspx) [ 41]. N OM o f s plenic a nd 
liver i njuries i n s table p ediatric pa tients g radually l ed t he 
trauma community to NOM for all manner of presentations 
over t he last few decades, including blunt and penetrating 
injuries. R ates o f suc cess w ith t he n onoperative a pproach 
now approach 90%–95% in patients w ith t raumatic injury 
of the l iver and spleen [40]. Figure 18.5 depicts high-grade 
splenic and l iver lacerations that were both managed non-
operatively at our institution.

The l iver a nd s pleen l ie i n t he r ight a nd left upper quad-
rants of the abdomen, respectively, and are partially protected 
by the ribs. This protection is less effective in children due to 
increased compressibility of the thoracic cavity and more com-
pliant r ibs. I n c hildren, t hese organs often e xtend b elow t he 
costal margin. For these reasons, the liver and spleen are more 
commonly i njured i n c hildren c ompared t o a dults. The p ri-
mary effect of liver and splenic injury is hemorrhage in these 
two impressively vascular structures; the blood loss can be fatal 
if u ntreated. C hildren w ho a re h emodynamically u nstable 
despite appropriate resuscitation in the setting of blunt abdom-
inal i njury s hould u ndergo e mergent l aparotomy. F or a dult 
trauma pa tients, p resence o f a b lunt i ntra-abdominal i njury 
in the setting of head trauma and inability to perform reliable 
abdominal exams may be used as a j ustiἀcation for proceed-
ing to an operation. This approach is not usually undertaken 
in children since many authorities believe that NOM should 
be a ttempted i n h emodynamically s table c hildren w ith a  
combination of a head injury and spleen or liver damage [42]. 
Children with altered mental status are no more likely to need 
a laparotomy. Outcomes are improved in patients who do not 
require an operation for intra-abdominal injury.

The A AST o rgan i njury scaling h as b een v alidated i n 
adults a nd C T g rading c orrelates w ith o utcomes i n c hil-
dren, therefore the APSA sought to develop evidence-based 
guidelines for the treatment of patients with isolated liver or 
spleen injuries [29]. There was a paucity of class I evidence 
to provide a basis for clinical guidelines; therefore, a survey 

was conducted from a multi-institutional database consist-
ing of 832 c hildren w ith i solated l iver o r spleen injuries 
managed n onoperatively a t 3 2 c enters i n N orth A merica 
from 1995 to 1997. Utilizing these data, the guidelines were 
formulated and they served as a widely accepted benchmark 
for pediatric trauma care. The guidelines addressed indica-
tions for ICU stay, duration of hospitalization, the need for 
predischarge or postdischarge imaging, and activity restric-
tions. They did not address the indications for a laparotomy. 
Prospective a pplication o f t he g uidelines i n 3 12 c hildren 
who received c are at 16 p ediatric c enters for i solated l iver 
or spleen injuries resulted in signiἀcantly decreased 
resource u tilization r eflected b y s horter ICU a nd h ospital 
stay, d iminished repeat i maging, a nd duration of physical 
activity r estriction w hen c ompared t o a h istorical c ontrol 
[43]. Compliance with the guidelines was 81% for ICU stay, 
82% for hospital stay, 87% for follow-up imaging, and 78% 
for a ctivity r estriction. A ll p ediatric pa tients i ncluded i n 

(a)

(b)

Figure 18.5 (a) Grade III splenic injury following a fall 
from a third-story window, managed nonoperatively.
(b) Grade IV liver injury following a vehicular crush, man-
aged nonoperatively.

http://www.aast.org/library/trauma-tools/injuryscoringscales.aspx
http://www.aast.org/library/trauma-tools/injuryscoringscales.aspx
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the study had either isolated solid organ injury (liver and/
or s pleen) o r a n a dditional m inor, r emote i njury suc h a s 
nondisplaced, noncomminuted extremity fractures, or soft 
tissue injuries. Another important point to note is that the 
patients in the study were all hemodynamically stable. Six 
patients (2%) were readmitted, but no one progressed to an 
operation. These r esults c onἀrmed t hat c linical p ractice 
guidelines ( CPG) c ould s afely r educe r esource u tilization 
and help standardize pediatric trauma care.

A pertinent clinical question in the era of NOM of blunt 
liver and spleen injuries (BLSI) is how the rate of blood trans-
fusions h as changed. Multiple s tudies a ctually s howed a 
decreased need for blood transfusion in patients treated with 
the nonoperative approach [44,45]. In a retrospective analysis 
of 161 patients aged 16 years or less from the trauma registries 
at two urban regional trauma centers, Partrick et al. reported 
a signiἀcant decrease in operations from 39% to 9% for BLSI 
from the initial time frame cohort (1990–1993) to the second 
(1994–1997). For e ach t ime p eriod e xamined, b lood utiliza-
tion was less in the nonoperative group: 46% versus 9% and 
44% versus 13%, respectively. Additionally, hospital length of 

stay was shorter in the nonoperative group. Subsequent inves-
tigation has conἀrmed this trend, with 5% or less of children 
managed nonoperatively requiring blood transfusions [46,47].

Within t he last few decades, t he e lements of t he A PSA 
CPG have become widely accepted and many trauma prac-
titioners advocate f urther limitations i n I CU admissions, 
hospital length of stay, and activity restrictions [48]. St. Peter 
et al. have published multiple studies validating the prem-
ise of abbreviated bed rest [49–51]. As opposed to the APSA 
CPG that recommends bed rest for a period of days equal to 
the grade of injury plus one day, the St. Peter protocol rec-
ommends one night of bed rest for grades I and II liver and 
spleen injuries and two nights of bed rest for grades III and 
greater. This p roposal w ould s igniἀcantly r educe h ospital 
days and general resource utilization.

A more recent practice management guideline exists that 
was developed by a pediatric trauma consortium (ATOMAC) 
in 2 012 f or t he m anagement o f B LSI i n c hildren [15]. This 
algorithm uses suspicion for ongoing or very recent bleeding 
as a decision point for obtaining an abdominal CT or admis-
sion to an ICU for observation (Figure 18.6). This designation 
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Figure 18.6 ATOMAC guideline for management of pediatric blunt liver and spleen injury. Used by permission of the 
ATOMAC research network. ICU, intensive care unit; T&S, type and screen; Hb, hemoglobin; PRBC, packed red blood cells; 
NPO, nil per os; CT, computed tomography; PICU, pediatric intensive care unit; LR, lactated ringers; NS, normal saline; 
NOM, non-operative management. (From Notrica DM et al., Journal of Trauma and Acute Care Surgery, 79, 683–93, 2015.)
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of suspicion for active hemorrhage is determined by trauma 
surgeons u tilizing pa tient c haracteristics, suc h a s pa llor, 
hypoperfusion, hemodynamic signs indicating hypovolemia, 
anemia, inappropriate response to transfusion, and lactic aci-
dosis. Essentially, this guideline proposes that clinical signs, 
hemodynamics, a nd trending hemoglobin values s hould 
dictate the care of BLSI in children instead of abdominal CT 
grade of injury. A thorough evaluation of the new recommen-
dation reveals support by the current l iterature. However, a  
prospective study is needed to determine the safety and out-
comes associated with it. The guideline has the potential to 
decrease CT imaging, hospital length of stay, and ICU admis-
sions. Per the authors, management decisions should be dic-
tated b y c linical s igns a nd s ymptoms t o a chieve t he m ost 
appropriate treatment for pediatric patients with BLSI.

Adult trauma care has integrated angiographic emboliza-
tion into the protocol for therapeutic interventions of spleen 
and liver injuries, which has led to higher rates of successful 
NOM [52–54]. In certain situations, prophylactic emboliza-
tion has been advocated for high-grade solid organ injuries 
that has reduced the failure rate of NOM from 15% to 5% in 
the adult population [52]. Introduction of embolization into 
algorithms for the care of pediatric patients is more contro-
versial and not widely accepted. Several isolated case reports 
and series describe the safe use of embolization in this patient 
population. From a r etrospective review of 10 years f rom a  
trauma registry a t a s ingle l evel I I p ediatric t rauma c enter, 
there w ere 25 9 pa tients w ith b lunt s plenic i njury o f w hich 
23 u nderwent a ngiography [ 55]. There w ere 1 5 pa tients 
who initially underwent angiography due to active contrast 
extravasation on C T a bdomen a nd a nother 8 pa tients w ho 
progressed t o e mbolization d ue t o c ontinued t ransfusion 
requirements. There were no deaths in t he group who were 
subjected t o a ngiography. O nly o ne o f t he 15 pa tients w ho 
initially underwent embolization required a splenectomy and 
none of the 8 patients embolized after attempted observation 
had their spleens removed. This study supports the selective 
use of embolization for blunt splenic i njury. Multiple other 
studies have documented safety with arterial embolization of 
blunt splenic and hepatic injuries in pediatric patients [56,57]. 
There is evidence that transarterial embolization can assist in 
the NOM of children who would otherwise certainly require 
operative i ntervention. O ne suc h e xample i s d escribed b y 
Fallon et al., in the case of an 8-year-old boy who presented 
after a bicycle handlebar injury resulting in a hepatic artery 
transection. On abdominal CT, there was a 4-cm liver lacera-
tion and active contrast extravasation that was conἀrmed on 
transarterial angiogram. The patient was successfully embo-
lized a nd h ad n o f urther b leeding i ssues ( Figure 1 8.7). O f 
note, he did require laparoscopic drainage secondary to a bile 
leak complicating his liver laceration.

As d emonstrated b y t his e vidence, e mbolization c an 
be pursued safely in the pediatric trauma population. This 
assertion i s su pported b y t he m inimal r ates o f c omplica-
tions reported in the literature. One review of angiography 
in pediatric trauma reported a complication rate of 0%–4% 
with these interventions [58]. Most complications are minor 

such a s p uncture s ite h ematoma; p rocedure-related m or-
tality i s v irtually n onexistent. A lthough d ata c onἀrm t he 
safety of embolization, the primary dilemma is when to use 
it. L iver a nd s pleen i njuries t hat i nitially s how a c ontrast 
“blush” on CT can often be managed nonoperatively. In at 
least s ome o f t hese pa tients t he b leeding s tops [55,59,60]. 
Perhaps contrast extravasation should be a r eason to more 
closely m onitor pa tients and p roceed to a ngioemboliza-
tion more rapidly i f a ny s igns of c linical deterioration a re 
present [61]. I n a g eneral review of t he l iterature, i t s eems 
the b est i ndication f or a ngiography i s p ersistent t ransfu-
sion r equirements i n t he s etting o f s table h emodynamics. 
Hemodynamic instability despite appropriate resuscitation 
is an indication for surgical exploration.

NOM f or B LSI h as m any a dvantages f or t he p ediatric 
trauma patient and there is evidence that delayed opera-
tion a fter a ttempted N OM d oes n ot i ncrease t ransfusion 
rates, hospital or ICU length of stay, or mortality [62]. 
Unfortunately, a h andful of complications f rom t his t reat-
ment strategy have become evident in the last three decades. 
One of the most concerning outcomes is late hemorrhage. 
This i s problematic b ecause t here a re no well-deἀned r isk 
factors f or t his e ntity. F rom a r eport p ublished i n 2 009, 
delayed splenic bleeding occurred in 1 o ut of 293 children 
managed nonoperatively at a single level I pediatric trauma 
center from 1992 to 2006 [63]. This patient was a 1 5-year-
old b oy w ho presented w ith b leeding t hat proved f atal 2 3 
days a fter h is i nitial g rade I V s plenic i njury d ue t o a f all 
from his bicycle. Judging from the review of prior literature 
by Davies et al. and other reports of delayed splenic bleed-
ing, t his i s a n e xceedingly r are e ntity [ 64–66]. A lthough 
mechanism of injury, grading on imaging, and presence of 
a pseudoaneurysm have no correlation with delayed bleed-
ing f rom t he s pleen, t his a ppears t o b e a t rend i n a doles-
cents. Delayed bleeding after blunt injury can a lso be seen 
in hepatic injury. Shilyansky et al. reported on two children 
who returned with delayed bleeding after traumatic hepatic 
laceration [67]. Both presented with hypotension and pain 
10 d ays a fter t he i nitial i njury w ith e vidence o f d elayed 
bleeding. These c ase reports emphasize t he i mportance of 
counseling pa rents a nd pa tients o n s igns a nd s ymptoms 
that should prompt return to the hospital after blunt solid 
organ injury.

Delayed he morrhage i s t he pr imary d readed c omplica-
tion of NOM, but other rare occurrences include traumatic 
pseudoaneurysms, s plenic p seudocysts, a nd b iliary i nju-
ries. The l ow r ate o f 5% o r l ess f or p seudoaneurysm a fter 
blunt spleen and liver injury is generally accepted [68], but 
there are some studies that feel this phenomenon is under-
reported [ 22,23]. Gr oups f rom t he U nited K ingdom a nd 
Italy a dvocate su rveillance i maging w ith C EUS t o i den-
tify patients with a pseudoaneurysm, to avoid any possible 
morbidity. Further studies a re needed to determine i f t his 
is necessary. The therapeutic approach to pseudoaneurysm 
ranges from surgical therapy or angioembolization to con-
tinued e xpectant m anagement. A nother e xtremely r are 
complication is splenic pseudocyst formation after trauma 
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[69,70]. These pa tients g enerally p resent y ears l ater w ith 
pain or abnormal imaging and there are reports of success-
ful t reatment w ith a lcohol s clerotherapy o r s plenectomy. 
Finally, b iliary s ystem m orbidity a fter b lunt a bdominal 
trauma i s q uite r are a nd i ncludes b ile p eritonitis, b iloma, 
bile duct leak, and hemobilia. One report from seven urban 
adult level I trauma centers reported that 6% of grade III–V 
liver injuries managed nonoperatively will have a resulting 

biliary c omplication [71]. L iver i njury g rade a nd t ransfu-
sion requirements within 24 h o f injury were predictive 
of su bsequent h epatic c omplications. B ile l eaks a re o ften 
diagnosed a fter c omplaints o f a bdominal pa in p rompt a 
hepatobiliary iminodiacetic acid (HIDA) scan. Endoscopic 
and i nterventional r adiology ( IR) t echniques p rovide l ess 
invasive o ptions f or t he t reatment o f t hese c omplications 
(Figure 18.8). In one series, 11 patients with traumatic bile 

(a)

(b)  (c)

Figure 18.7 (a) CT of a grade V liver injury caused by a handlebar showing active extravasation from a hepatic artery 
branch. (b) and (c) Angioembolization with coiling controlled the actively bleeding vessel.
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leak a fter N OM o f b lunt l iver i njury w ere m anaged w ith 
endoscopic r etrograde c holangiopancreatography ( ERCP) 
and stenting, with the occasional adjunct of IR drainage. 
None of the patients progressed to operative therapy [72].

Although t here i s g eneral a greement t hat p ersistent 
hypotension after t ransfusion of  > 40 mL/kg or four units 
packed red blood cells qualiἀes as failure of NOM for BLSI 
in children, the next step in management is not universally 
accepted. L aparotomy would b e t he traditional p rogres-
sion, but changes in pediatric trauma have resulted in new 
options. Surgical intervention or continued NOM should be 
determined by a trained trauma practitioner. Under certain 
circumstances, angiographic embolization o r c ontinued 
nonoperative maneuvers may be appropriate. Once the care 
of these children progresses to an operation, most of those 
with a h igh-grade splenic i njury w ill require splenectomy. 
At times, it may be possible to preserve the spleen through 
attempts at direct repair or partial splenectomy that main-
tain at least 1/3 of the organ with adequate perfusion. There 
are some interesting reports of successful laparoscopic sple-
norrhaphy for splenic trauma in adults and these techniques 
could p ossibly b e a pplied t o p ediatric pa tients. L in e t  al. 
described a s andwich r epair t echnique t hat  incorporates 
“ἀgure of eight” sutures to ἀxate hemostatic plugs consisting 
of Gelfoam® and Surgicel® to the splenic laceration covered 
by a n o mental pa tch [73]. This t echnique a chieved h emo-
stasis in a median time of 30 min. Only 1 patient out of 15 

who underwent the procedure required conversion to lapa-
rotomy a nd s plenectomy. A lthough m ultiple a pproaches 
may be utilized to optimize splenic salvage even in patients 
requiring operation, there are situations where splenectomy 
is justiἀed and indicated.

Splenectomy can be achieved t hrough an open or lapa-
roscopic a pproach, e ven i n t he s etting o f t rauma [74]. I n 
most p ediatric t rauma pa tients t he g oal o f a l aparotomy 
is t o a chieve r apid h emostasis a nd t o r ecognize c on-
comitant i njuries. For c hildren u ndergoing s plenectomy, 
overwhelming p ostsplenectomy i nfection ( OPSI) i s a s ig-
niἀcant c oncern. E ncapsulated o rganisms a re t he m ost 
virulent pathogens in an asplenic child. Those who require 
splenectomy f or t rauma s hould r eceive v accinations f or 
Streptococcus pneumoniae, Haemophilus influenza, a nd 
Neisseria meningitidis. In addition, all practitioners should 
have a h igh index of suspicion for this entity when a p ost-
splenectomy patient arrives for evaluation [75]. These indi-
viduals m ay i nitially a ppear r elatively w ell, b ut t hey c an 
rapidly decline to florid s epsis a nd death. Current recom-
mendations a re t o a dminister b road-spectrum a ntibiotics 
with I V v ancomycin a nd c eftriaxone f or a ll pa tients su s-
pected of having OPSI. Unfortunately, OPSI has mortality 
rates of 38%–70% despite appropriate therapy. Splenectomy 
has also been linked to other pathologic consequences, such 
as increased risk for venous thromboembolism and suscep-
tibility to severe infections with malaria and babesiosis [76]. 

Figure 18.8 Cholangiogram demonstrating bile leak (white arrow) following a grade V liver laceration. Sphincterotomy was 
performed, which hastened resolution of the leak.
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These risks are heightened for children, who have immune 
function that is not fully matured and a lifetime of exposure 
to these complications. This constellation of clinical conse-
quences is part of the justiἀcation for avoiding splenectomy 
in pediatric trauma patients whenever possible.

Although NOM of h igh-grade l iver i njuries has gained 
widespread acceptance [77,78], t he fact remains t hat some 
blunt h epatic t rauma w ill r equire o perative i ntervention. 
Initial attempts at controlling bleeding f rom the l iver may 
include d irect m anual p ressure, pa cking, a nd t he P ringle 
maneuver (occlusion of the portal triad). If there is an obvi-
ous source of bleeding that can be easily addressed, this may 
be accomplished using cautery, argon beam coagulation, or 
application of a topical hemostatic agent. Hepatorrhaphy is 
another option using an absorbable suture on a large, blunt-
tipped needle to approximate the edges of a signiἀcant lac-
eration. I f n one o f t hese i nterventions i s suc cessful, l iver 
hemorrhage m ay r equire a dvanced m aneuvers t o a chieve 
control. In young children, the sternum c an b e rapidly 
divided to achieve control of the suprahepatic inferior vena 
cava and achieve complete hepatic vascular isolation. Once 
the h emorrhage su bsides, t he i njury c an b e m ore e ffec-
tively evaluated and addressed. At times, it may be needed 
to pack the liver and proceed to transarterial embolization 
for d eep a rterial i njuries. I n c ontrast to t he s pleen, w hich 
can be removed when hemostasis cannot be achieved, liver 
 resection should be reserved for the most extreme circum-
stances a nd adequate l iver must b e preserved to maintain 
function.

In this era of wide acceptance of NOM for pediatric blunt 
abdominal t rauma, t he number of patients progressing to 
surgical i nterventions i s m inimal. B ecause o f t his, su r-
geons s hould r eview h ow t o a ddress m assive h emorrhage 
after t rauma. I t i s i mportant t o f requently r eview c urrent 
management s trategies a nd t he t ried-and-true a pproaches 
to b leeding. D amage c ontrol l aparotomy h as i mproved 
survival a fter m assive h emorrhage i n t he t rauma s etting, 
speciἀcally w ith l iver i njuries [79,80]. I f t he “ lethal t riad” 
of h ypothermia, a cidosis, a nd c oagulopathy i s p resent, i t 
is potentially too late to beneἀt f rom damage control. The 
decision should be made early when the patient is beginning 
to d eteriorate a nd t he o perative p lan b ecomes r apid t am-
ponade of bleeding with temporary abdominal packing and 
control of contamination. Once a temporary abdominal clo-
sure is placed, the patient should be resuscitated in the ICU 
until stability is ensured. At the appropriate time, the child 
can be brought back to the operating room for removal of 
packs, deἀnitive repair of injuries, and abdominal closure. 
In a s eries of 22 c hildren t reated w ith t emporary packing 
for i ntra-abdominal h emorrhage, 21 (95%) h ad suc cessful 
control of hemorrhage and 18 patients survived [81]. From 
these data and experience in the adult population, tempo-
rary a bdominal pa cking i s u seful i n t he c are o f p ediatric 
abdominal t rauma a nd i t i s i mperative t hat su rgeons a re 
aware of t he physiology of e ach patient during t he opera-
tion to make t he decision promptly to proceed to damage 
control strategies.

In summary, spleen and liver injuries are the most com-
mon i ntra-abdominal i njuries i n p ediatric t rauma. The 
introduction of NOM and other a djuncts suc h a s emboli-
zation have improved t he care of these patients. A lthough 
some discrepancies persist in the rates of surgical interven-
tion for children, major strides have been made over the last 
few decades. In addition, there are new guidelines and imag-
ing options on the horizon that hold promise for continuing 
to advance t he practice of t rauma surgery in t he pediatric 
population. A lthough t he t reatment for t hese patients has 
become largely expectant, a surgeon is still the most appro-
priate p rimary p hysician t o m anage t hese c hildren. The 
decision not to operate remains a surgical decision.

Duodenum and pancreas

Duodenum and pa ncreas i njuries a re m uch l ess c ommon 
than those of the spleen and liver and only occur in 3%–5% 
of patients with intra-abdominal trauma [82,83]. This lower 
incidence is l ikely owing to their protected location in the 
retroperitoneum. Because of the central location and close 
proximity to other vital structures, concomitant trauma to 
other organs is common. In addition, the relationship of the 
duodenum and pancreas to the spinal column put them at 
particular risk in seat belt injuries or directed blows to the 
mid-abdomen. E arly d iagnosis o f t hese i njuries i s i mpor-
tant, but can be challenging due to the retroperitoneal loca-
tion, which may delay peritonitis and other clinical ἀndings 
on physical exam. Indications for operative therapy are sim-
ilar to other injury patterns w ith persistent hemodynamic 
instability or obvious bowel perforation necessitating explo-
ration, although other associated trauma may also require a 
trip to the operating room.

Duodenum

Most literature discussing duodenal injuries deals with the 
adult o r a c ombined a dult a nd p ediatric p opulation w ith 
few studies speciἀcally addressing this trauma in children. 
The A AST Duodenal O rgan I njury S cale p rovides a c las-
siἀcation system a nd can help g uide t herapy (http://www.
aast.org/library/traumatools/injuryscoringscales.aspx). A 
retrospective r eview f rom B allard e t a l. c ompiled a ll t he 
blunt duodenal injuries in the state of Pennsylvania over a 
10-year period [84]. From the population of 103,864 adult 
and children treated at 28 trauma centers, only 206 (0.2%) 
duodenal i njuries w ere e ncountered a nd o nly 3 0 pa tients 
suffered from full thickness rupture. Physical ἀndings and 
CT results were extremely variable and not reliable for diag-
nosis. The researchers examined the various types of repairs 
performed. This investigation highlights the c hallenge o f 
analyzing duodenal trauma due to the low rate of this injury 
and the limited exposure for each institution and surgeon.

Despite the inherent difficulty in diagnosing duodenal 
trauma, t here a re a h andful o f s igns a nd s ymptoms t hat 
should heighten suspicion and prompt further evaluation. 
Most children w ill present w ith abdominal pa in if a d uo-
denal hematoma or perforation is present with complaints 

http://www.aast.org/library/traumatools/injuryscoringscales.aspx
http://www.aast.org/library/traumatools/injuryscoringscales.aspx
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ranging f rom m ild a bdominal t enderness t o i nvoluntary 
guarding consistent with peritonitis. Abdominal wall bruis-
ing from a seat belt or blow to the abdomen (e.g., handle-
bar injury) should also increase concern for damage to the 
duodenum. I n s everal s eries, c hild a buse w as a c ommon 
mechanism for duodenal injury, especially in children aged 
ἀve or less [85]. Unless the patient meets criteria for imme-
diate exploration, a CT of the abdomen is indicated to better 
characterize the extent of injuries.

Duodenal i njuries c an be d ivided i nto t wo general c at-
egories: hematoma and perforation. While duodenal hema-
tomas can generally be managed nonoperatively, duodenal 
perforations are customarily addressed with laparotomy. 
Shilyansky e t a l. r eported o n a s eries o f 2 7 c hildren w ho 
presented with duodenal injury over a 10-year period [86]. 
This c ohort i ncluded 13 d uodenal p erforations (mean a ge 
9 y ears) a nd 14 d uodenal h ematomas (mean a ge 5 y ears). 
Associated injuries were appreciated in 19 c hildren and 
affected the pancreas (10 patients), spine (5), l iver (4), cen-
tral nervous system (1), long bones (2), kidneys (1), jejunum 
(1), and stomach (1). This report provides insight into the 
multitude of concomitant injuries t hat can be present and 
imaging c haracteristics t o h elp d ifferentiate h ematoma 
and perforation preoperatively [86]. Of t he 27 patients, 19 
underwent abdominal C T scans. There were nine patients 
who u nderwent a C T s can w ho h ad su ffered f rom a d uo-
denal  perforation and every one had retroperitoneal air or 
extravasation of contrast on imaging. Duodenal hematomas 
also had a c haracteristic presentation on abdominal imag-
ing. There were no deaths in this series, but 6 of 13 patients 
with d uodenal p erforation h ad c omplications, i nclud-
ing 3  duodenal ἀ stulae, 2 a bscesses, a nd 1 u rinary t ract 
infection.

Similar outcomes were reported by Clendenon et al. in a 
retrospective chart review conducted over a 10-year period 
of all children 18 years or less treated for duodenal injuries 
at two pediatric trauma centers [82]. From a cohort of 4 2 
patients that met inclusion criteria, 25 had duodenal perfo-
rations and 17 had duodenal hematomas. All of the perfo-
rations underwent an operation and only one patient with 
a hematoma required operative d rainage due to persistent 
bowel obstruction. There were no mortalities but multiple 
complications were described: pa ncreatitis (n = 5 ), pleural 
effusions (2), sepsis (2), failure of duodenal repair (2), sub-
phrenic abscess (1), wound dehiscence (1), superior mesen-
teric artery occlusion (1), bowel obstruction requiring lysis 
of a dhesions (1), a bdominal a bscess (1), pa ncreatic ἀ stula 
(1), and duodenal necrosis (1). The operations performed for 
duodenal perforation were primary repair (n = 18), duode-
nal resection and reconstruction (3), pyloric exclusion (2), 
and complete resection with gastrojejunostomy (2). Delays 
in diagnosis or operative intervention greater than 24 h 
were associated with increased complication rates, length of 
hospital stay, and ICU length of stay.

Duodenal hematomas can usually be managed nonoper-
atively, but can result in prolonged hospitalizations and high 
medical costs. In one retrospective case series by Peterson 

et al., a ll duodenal hematomas f rom a s ingle large volume 
level I t rauma center w ere i dentiἀed a nd d emograph-
ics, c linical a nd r adiographic c haracteristics, a nd h ospital 
course w ere d ocumented [87]. Gr ade I d uodenal h emato-
mas were compared to g rade I I. There were 19 patients i n 
the a nalysis a nd e very pa tient u nderwent a bdominal C T. 
There were 10 grade I a nd 9 g rade II injuries. Mechanisms 
included direct blow to the midabdomen (handlebar, sports-
related, assault, and stepped on by a horse), non-accidental 
trauma, falls, and motor vehicle accident. Child abuse was 
a relatively common mechanism occurring in ἀve patients, 
which conἀrms previous a ssertions t hat duodenal t rauma 
should raise a h igh index of suspicion for this mechanism. 
Exploratory laparotomy was performed for ἀve patients who 
had concern for additional hollow viscus injury, but none of 
the h ematomas r equired o perative d rainage a nd o nly o ne 
was drained percutaneously. Twelve of the patients required 
parenteral nutrition with a median duration of 9 days. The 
only signiἀcant difference between the two groups was the 
time period of pa renteral nutrition with 6 .5 days in t he 
grade I g roup and 12 days in the grade II group. Although 
there w as a t rend toward longer hospital s tay a nd t ime to 
oral intake in the grade II duodenal hematomas, these were 
not statistically signiἀcant in the small patient sample. This 
observational study supports the assertion that duodenal 
hematomas c an b e suc cessfully m anaged n onoperatively 
and provides expectations for duration of hospital stay and 
parenteral nutrition requirements.

In c ontrast t o d uodenal h ematomas, w hich c an b e 
managed n onoperatively i n m ost c ircumstances, d uode-
nal p erforation m andates s urgical e xploration. There a re 
many a pproaches d escribed f or t he r epair o f t hese i nju-
ries. Primary closure of duodenal injuries is recommended 
whenever p ossible a nd c an u sually b e p erformed [ 82]. 
Repairs s hould f ollow t he g eneral r ule i n a ll o f t he s mall 
bowel injuries, with a transverse closure preferable to avoid 
narrowing the lumen. When anything more than a straight-
forward repair i s needed, it i s recommended to perform a 
pyloric exclusion and diversion of flow away from the duo-
denum. Pyloric exclusion can be accomplished with closing 
the p ylorus w ith a n a bsorbable s uture or  t horacoabdomi-
nal stapler and creating a gastrojejunostomy (Figure 18.9) 
or with a draining gastrostomy and feeding jejunostomy 
[88]. A “triple-tube technique” has been advocated for more 
complex duodenal injuries, which includes a duodenal clo-
sure a nd d uodenostomy t ube f or d rainage, a g astric t ube 
placement, a nd f eeding j ejunostomy. A ll o f t hese o ptions 
can be paired with external drainage with a c losed suction 
drain depending on the concern for leakage and concomi-
tant injuries. Although it has been described as an option, 
a pancreatoduodenectomy should be avoided if at all pos-
sible. The anastomoses are a setup for failure in the trauma 
setting where expeditious management of i njuries i s v ital. 
Of primary i mportance in complicated repairs i s t he pro-
tection of the duodenal repair and distal feeding access, as 
these interventions have been shown to decrease complica-
tions and shorten the time to enteral nutrition.
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Pancreas

Blunt pa ncreatic i njury o ccurs w hen h igh-energy f orce i s 
applied t o t he u pper a bdomen, c rushing t he r etroperito-
neal s tructures a gainst t he v ertebral b odies a nd c ausing 
a s pectrum o f i njury f rom m inor c ontusion t o c omplete 
transection. C T i s t he most common modality to identify 
a pa ncreatic i njury, a lthough g rading p er t he A AST s cale 
can b e c hallenging (especially i n y oung c hildren) a s d uct 
disruption is often unclear, and the scale demands differen-
tiation of duct disruption between a grade II and III injury 
(Figure  18.10) [ 89]. O ther m ethods o f e valuating d uctal 
integrity are magnetic resonance cholangiopancreatography 
or ERCP [90,91]. D uctal i ntegrity i s so important because 
leakage of pa ncreatic enzymes c an i ncrease complications 
such as pancreatic ascites, persistent fluid collections called 
pseudocysts, a nd ἀ stula formation [92]. Traditional teach-
ing has always been to control duct leakage when possible.

The management of AAST grade III pancreatic injuries, 
which involve transection of the pancreatic duct at the body 
of the pancreas (to the left of the mesenteric vessels), remains 
one of the few controversial areas within pediatric abdomi-
nal t rauma. There i s general a greement i n b oth a dult a nd 
pediatric trauma patients that AAST grade I and II injuries 
that do not involve injury to the main pancreatic duct, can 
be safely managed with observation a lone or simple exter-
nal closed-suction drainage, as long as there is no evidence 
of bleeding mandating operative control [93]. At the other 
end of the spectrum, grade IV and V injuries, which involve 

injury to the pancreas to the right of the mesenteric vessels 
or the pancreatic head, are complex injuries that may also 
involve the duodenum, and are managed on a case-by-case 
basis. Extensive pancreatic head injury, especially involving 
the ampulla of Vater, may have to be managed with a pa n-
creatoduodenectomy, but t his should be the last option a s 
it is likely to lead to complications and increased morbidity 
and mortality [90]. Other damage control options such as 
drainage, omental pancreatography, endoscopic pancreatic 
duct stenting, and concomitant duodenal damage control 
procedures should be considered (Figure 18.11) [90]. While 
these injuries are very rare and variable in children, grade 
III injuries, which involve t he main pancreatic duct, often 
occur from direct epigastric force such as from a handlebar 
or hockey stick [92] causing pancreatic transection overly-
ing the spine, are far more common.

Management o f g rade I II i njuries d iffers i n a dult a nd 
pediatric practice and even among pediatric surgeons. The 
Eastern Association for the Surgery of Trauma (EAST) 
guidelines suggest that these injuries should always be man-
aged with distal pancreatectomy with proximal pancreatic 
duct control [93]. These guidelines are based mostly on adult 
data, and the practice of operative management (OM) for 
these i njuries i s w idely accepted i n adult patients. In chil-
dren, however, following successful reports of NOM, many 
pediatric surgeons have switched to this approach. The liter-
ature to date consists mostly of case reports and case series. 
There a re several multicenter s tudies comparing operative 
to NOM, all of which are retrospective, that report variable 
outcomes. The majority of these studies did not differentiate 

Figure 18.9 Technique for pyloric exclusion to manage a 
duodenal injury. (Courtesy of artist, Dr. Mark Mazziotti, 
Houston, Texas.)

Figure 18.10 CT demonstrating a pancreatic laceration 
(arrow) following a handlebar injury. When this CT was 
reviewed by two experienced pediatric radiologists at 
our center, one gave it a grade II and the other gave it 
a grade III.
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outcomes based on t he s everity (CT g rade) of t he i njuries 
or on the l ocation of t he injury; t hus minor and major 
and h ead a nd b ody pa ncreatic i njuries w ere a ll g rouped 
together, w hich m akes i t d ifficult t o a ccurately j udge o ut-
comes. In the largest multicenter study, pancreatic injuries 
grades I I a nd a bove w ere s eparately a nalyzed. Iqbal e t a l. 
reported t hat children with t hese i njuries who were man-
aged by NOM had signiἀcantly higher rates of pseudocyst 
formation, longer time to oral feeds, less morbidity, and lon-
ger cumulative hospital stay than those managed with early 
operation [94]. I n c ontrast, a r ecent 10-year r eview o f t he 
NTDB of blunt pancreatic injuries with Abbreviated Injury 
Scale (AIS) scores ≥3 reported that children managed with 
NOM had equivalent or better outcomes t han t hose man-
aged with OM and delayed OM, with lowest length of stay 
and infection rates actually reported in the NOM group [95]. 
A C ochrane r eview c oncluded t hat g iven t he l ack o f r an-
domized trials, there is no ἀrm evidence to support either 
treatment s trategy [96]. A s ystematic r eview o f 25 s tudies 
including 1 014 i njuries d emonstrated t hat t he m ajority 
(72%) were managed w ith NOM, a nd outcomes were very 
difficult t o c ompare g iven t he h eterogeneity o f d ata [ 97]. 

Meta-analysis c ould o nly b e p erformed f or t he o utcomes 
of p seudocyst a nd ἀ stula f ormation, a nd s howed t hat t he 
odds ratio of pseudocyst formation was two times higher for 
NOM than OM, but ἀstula development was similar among 
the groups [97].

When operative therapy is chosen for grade III injuries, a 
laparoscopic or open approach can be employed. The lesser 
sac is opened and the pancreas exposed. Often, the pancreas 
is completely or near-completely transected. Splenic preser-
vation i s a lways recommended. The splenic vessels c an be 
retracted cephalad and multiple small branches between the 
splenic vessels and pancreatic parenchyma are l igated. The 
pancreas can be divided with a stapler proximal to the tran-
section i f t here i s some d istance f rom t he mesenteric ves-
sels. If the transection is complete, then the proximal stump 
needs to be controlled w ith sutures. O verly t ight suturing 
of t he pa ncreatic s tump s hould b e a voided a s i t m ay l ead 
to early necrosis and increase the risk of ἀstula or pseudo-
cyst. An omental flap can be placed over the stump 92]. The 
role o f E RCP f or pa ncreatic i njury i s s till i n e volution. I t 
can be used as a diagnostic tool to deἀnitely determine the 
presence or absence of ductal transection when imaging is 
unclear. Some have also demonstrated success with stenting 
across the injury or stenting the ampulla of Vater to a llow 
passive duodenal drainage [98,99].

Stomach, small and large intestine

Hollow viscus injury after blunt abdominal trauma is rela-
tively i nfrequent w ith r ates o f 1 %–5% r eported i n m ost 
series [ 100–102]. Although i njury t o t he g astrointestinal 
tract i s rare, it i s one of t he most common indications for 
surgical intervention in abdominal trauma. It is important 
to understand the presentation and management for dam-
age t o t hese s tructures t o a void a d elay i n d iagnosis a nd 
appropriate m anagement. P enetrating a bdominal t rauma 
commonly results in gastrointestinal compromise. Patients 
with penetrating abdominal injuries require surgical explo-
ration. Blunt injuries may also result in hollow viscus injury, 
although l ess f requently. There a re s everal m echanisms. 
First is a crush injury when the organ is compressed vio-
lently against the spine. Second is by burst when rapid forces 
are applied to a d istended a nd tense hollow v iscus. Third, 
shear injury with rapid acceleration or deceleration occur-
ring a t a p oint o f ἀ xation, e .g., l igament o f Treitz, i leoce-
cal valve, and so on. Avulsion of the mesentery of the small 
bowel can cause ischemia, which can in turn lead to perfo-
ration or stricture formation. The presentation of these inju-
ries may be delayed. Motor vehicle collision is the prevalent 
cause of gastrointestinal injury with falls, bicycle handlebar 
injuries, and child abuse as other common mechanisms. In 
the m ajority o f p ediatric t rauma pa tients, c ontamination 
resulting from hollow viscus injury will result in peritoneal 
irritation and subsequent clinical signs to guide diagnosis.

As a g eneral rule, gastrointestinal injuries will result in 
symptoms ( pain, n ausea, v omiting) o r p hysical ἀ ndings 
(tenderness, guarding, distention). Although it is optimal 

Figure 18.11 Duodenal diverticulization technique for 
severe duodenal/pancreatic injury. The operation consists 
of gastric antrectomy with end-to-side gastrojejunostomy, 
tube duodenostomy, duodenal closure, and drainage. 
(Courtesy of artist, Dr. Mark Mazziotti, Houston, Texas.)
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to diagnose and treat these injuries early to minimize the 
duration o f c ontamination, s elective pa tients su spected o f 
having a hollow viscus injury can be appropriately managed 
with careful repeated physical exams and close observation 
of v ital s igns. Gastric i njury i s rare, but perforation i s t he 
most common injury and is most likely to occur after a meal 
when the stomach is distended. These injuries tend to pres-
ent with generalized peritonitis and free air, making detec-
tion more straightforward [103]. Injuries to the jejunum and 
ileum can result from direct force causing rupture or com-
promised blood flow due to d estruction of the mesentery. 
Spillage f rom t he s mall b owel i s l ess c austic t han g astric 
contents, so t hese patients may have a s lightly more indo-
lent course. C olon a nd rectal i njuries c an s imilarly be t he 
result of blowout near a p oint of ἀxation or with compres-
sion against the spine. Mesenteric damage can occur in the 
colon where avulsion is possible, but is not a risk in the rec-
tum. Colorectal trauma is a lso prone to delayed diagnosis, 
although contamination w ith feces i s more l ikely to cause 
infectious complications and ultimately frank symptoms.

As p reviously d iscussed i n t he s ection Special consid-
erations, t he p resence o f a s eat b elt s ign (abdominal w all 
ecchymosis) s hould r aise c linical su spicion f or a h ollow 
viscus i njury. P er B orgialli e t a l., t he r ate o f t his i njury 
increases from 1% in patients without a seat belt sign to 11% 
when present [2]. The seat belt sign may also indicate an 
underlying chance fracture, duodenal or pancreatic contu-
sions, a nd i solated j ejunal o r i leal p erforation. C T c an b e 
useful in cases when the diagnosis of an abdominal injury 
is not clear but suspected (Figure 18.12). Admission should 
be considered for all patients with a seat belt sign, as bowel 
injury may not be apparent on initial exam or imaging but 

will b ecome c linically a pparent w ith t he pa ssage o f t ime. 
Similar to solid organ injury, abdominal computed tomog-
raphy i s t he b est i maging r esource t o e valuate f or h ollow 
viscus injuries. Unfortunately, CT is not as sensitive for gas-
trointestinal r upture o r m esenteric i njuries t hat m ay u lti-
mately c ause i schemia a nd p erforation. A lbanese e t a l. i n 
Pittsburgh published a r etrospective review of 3 0 patients 
with g astrointestinal i njury f rom a bdominal t rauma a nd 
documented the ἀndings on abdominal CT [104]. Eleven of 
the patients w ith gastrointestinal injury were immediately 
taken t o t he o perating r oom f or g eneralized p eritonitis, 
shock or f ree a ir on plain ἀ lm. The CT scans of t he other 
19 patients who were found to have hollow v iscus injuries 
were reviewed. Findings included localized free air (7), free 
fluid w ithout a ssociated s olid o rgan i njury ( 11), i solated 
thick-walled and fluid-ἀlled bowel loops (9), and mesenteric 
inἀltration (4). Additionally, ἀve studies were interpreted as 
normal, i ndicating f alse n egative r esults. D ue t o t he v ari-
ability i n i ndicators o f h ollow v iscus i njury a nd p resence 
of f alse n egative C T s cans, t hese a uthors c oncluded t hat 
serial physical examinations remains the gold standard for 
diagnosis.

Additional research f rom t he E AST Multi-Institutional 
Hollow Viscus Injury Research Group conἀrms the inaccu-
racy of imaging in the diagnosis of small bowel injury [105]. 
The registries o f 9 5 t rauma c enters were interrogated t o 
examine small bowel injury in all admissions. When com-
paring matched controls w ithout small bowel perforation, 
the CT scans of patients with small bowel injury were not 
signiἀcantly different. From those with documented small 
bowel perforations, 13% were not identiἀed on CT scan. The 
high f alse negative r ate means t hat i t i s u nwise to rely on 
abdominal CT to rule out intestinal injuries.

Although missed injuries can be disastrous in the care of 
trauma patients, controversy persists as to whether a delay 
in diagnosis of gastrointestinal injuries increases morbidity 
and mortality. Letton et a l. published a m ulti-institutional 
retrospective chart review i ncluding a ll children w ho su f-
fered f rom b lunt i ntestinal i njury a t 1 8 p ediatric t rauma 
centers f rom J anuary 2 002 t o D ecember 2 007 [ 106]. 
According t o t his e xamination o f 2 14 pa tients, t here w as 
no correlation between time to operation and complication 
rates, i ncluding d eath, w ound i nfection, i ntra-abdominal 
abscess, o r p ostoperative b owel o bstruction. I n a ddition, 
time to surgery did not have a signiἀcant effect on length of 
hospital stay. Another study utilized charts from one pedi-
atric trauma facility to identify all the small bowel injuries 
over a n 11-year t ime period. There was no s igniἀcant d if-
ference i n c omplication r ates b etween t hose o perated o n 
immediately or later in the hospital course [107]. Obviously 
it is best to address bowel injuries in a prompt fashion, but 
these studies and others support observation as a reasonable 
approach when the diagnosis is in question.

Blunt i ntestinal i njury t hat c auses p erforation r equires 
operative i ntervention. L aparoscopy i s n ow a r easonable 
ἀrst s tep i n t he m anagement o f t hese pa tients a nd m ay b e 
the only operation needed in certain situations. Current use 

Figure 18.12 CT demonstrating free intraperitoneal air, 
free fluid, and thickened bowel loops. This child had a 
small bowel perforation associated with a seat belt sign.
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of laparoscopy will be discussed in the section “The Role of 
Laparoscopy” in this chapter. Once a g astrointestinal injury 
is identiἀed, the best operation must be determined. A d is-
tended s tomach w ill g enerally r upture a long t he g reater 
curvature and t he damage is amenable to debridement and 
primary repair. Due to the robust blood supply of the stom-
ach, most repairs w ill heal n icely. Small b owel i njuries c an 
range f rom lacerations to t ransections to l arge s egments of 
mesenteric a vulsion (often r eferred t o a s a “ bucket h andle 
injury”). R egardless o f t he pa ttern, a lmost a ll d amage t o 
the s mall i ntestine f rom t he l igament o f Treitz t o t he i leo-
cecal v alve c an b e a ddressed w ith d ebridement a nd r epair, 
or s imple r esection a nd p rimary a nastomosis. L arge b owel 
perforation may a lso b e repaired by resection a nd primary 
anastomosis i f t here h as b een m inimal c ontamination a nd 
the repair occurs soon after the traumatic event. If there is 
a s igniἀcant d elay i n d iagnosis, m assive c ontamination o r 
multiple concomitant complex injuries, fecal diversion with a 
colostomy is advisable. A mucous ἀstula or Hartman’s pouch 
can be created for the distal segment. Intraperitoneal rectal 
injury i s managed a s other c olon i njuries. I n t he s etting of 
rectal i njury t hat i s not accessible f rom a n abdominal i nci-
sion, t horough i rrigation a nd p roximal d iversion i s o ften 
the best approach to allow the injury to heal. Subsequently, 
a contrast study can be obtained to conἀrm no leak is present 
and the ostomy can be reversed. All patients with contami-
nation a fter gastrointestinal i njuries should be t reated w ith 
appropriate p erioperative a ntibiotics a nd c areful c onsider-
ation of leaving the abdominal wound open with healing by 
secondary intention is advised.

Diaphragm injury

Diaphragm rupture or injury in pediatric trauma is uncom-
mon a nd e asily m issed o n i nitial e valuation. A ccording t o 
a retrospective series extracted f rom t he National Pediatric 
Trauma R egistry, 4 % o f pa tients w ith p roven t horacic o r 
abdominal trauma had a diaphragm injury [1]. Diaphragmatic 
injury is often associated with penetrating mechanism [108]. 
There i s a h igh i ncidence o f a ccompanying i njuries, m ost 
commonly o f t he m usculoskeletal s ystem a nd a bdomen 
[108–110]. Complaints that may indicate this injury include 
chest pa in r adiating t o t he s houlder, s hortness o f b reath, 
and abdominal pain. Children have a h igher propensity for 
swallowing a ir a nd c ausing g astric d istention, w hich m ay 
lead t o r espiratory d istress w ith a l eft-sided d iaphragmatic 
rupture [108]. Other physical ἀ ndings to suggest t he i njury 
are bowel sounds in the chest, absence of breath sounds, and 
scaphoid abdomen. The most classic radiographic ἀnding is 
loops of bowel in the chest on plain ἀlm, but CT scan of the 
abdomen may be useful to conἀrm the diagnosis and evalu-
ate for accompanying injuries. Early d iagnosis of t raumatic 
diaphragmatic injury requires a high index of suspicion, as it 
may not be obvious on clinical exam or imaging.

Diaphragm i njuries a re i nfrequent e nough t hat t here 
are n o s ingle i nstitutions w ith a r obust e xperience c aring 
for t hese pa tients, b ut s everal s mall s eries e xist. R amos 

et a l. i n Toronto published a r etrospective r eview o f t heir 
Trauma Center Registry from January 1977 to August 1998 
[109]. A total of 15 patients were identiἀed, 13 blunt trauma 
and 2 p enetrating. Although c lassically left-sided injuries 
are more common [111], there were equal numbers of left- 
and right-sided injuries in this series (seven each) and one 
patient w ith b ilateral. A ssociated i njuries i ncluded l iver 
lacerations (47%), pelvic fractures (47%), major vessels tear 
(40%), bowel perforations (33%), long bone fractures (20%), 
renal lacerations (20%), splenic lacerations (13%), and closed 
head i njuries (13%). Five patients d ied due to multisystem 
trauma. The h igh m ortality r ate su pports t he a ssociation 
with increased severity of trauma.

Management o f c hildren w ith d iaphragmatic t rauma 
is operative, b ut in hemodynamically s table patients ini-
tial r esuscitation a nd a ppropriate i ntervention f or a ccom-
panying i njuries s hould p recede t he su rgical e xploration. 
Nasogastric t ube p lacement c an a llow f or g astric d ecom-
pression a nd m aintain a dequate l ung e xpansion u ntil t he 
operation. Chest tube placement should be avoided if at all 
possible. There is a risk of injury to abdominal organs with 
tube thoracostomy. Diaphragmatic repair can be approached 
laparoscopically or v ia a n open l aparotomy depending on 
the o perator’s c omfort l evel. A t horough e xamination o f 
the a bdomen s hould b e u ndertaken a t t he t ime o f r epair. 
For most i njuries, d irect suture repair i s appropriate a fter 
debridement of d evitalized t issue. I n t he s etting of e xten-
sive destruction when a direct repair would result in tension 
on the suture line, a muscle flap or prosthetic mesh can be 
utilized. Obstruction, intestinal necrosis, sepsis, and death 
may all be sequelae of diaphragmatic hernia if it is missed.

Injuries to the perineum, anus, and genitalia

Generally, there are two mechanisms responsible for injury 
to t he p erineum, a nus, a nd e xternal g enitalia: a ccidental 
straddle i njuries a nd s exual a buse. S traddle i njuries a re 
more c ommon a nd su stained by f alls onto b lunt or s harp 
objects, such as bicycles, playground equipment, fence posts, 
sticks, or other similar objects [112]. Blunt injuries typically 
are unilateral and present as a superἀcial abrasion, bruising, 
or laceration to the anterior portion of the external genita-
lia in both boys and girls. Impalement will more commonly 
require su rgical r epair [113,114]. A ccidental i njuries u su-
ally i nvolve t he e xternal genitalia, u rethra, p erineal b ody, 
and anus. Any vaginal or rectal perforation should raise 
suspicion f or s exual a buse. These i njuries a re u ncommon 
in patients w ith accidental t rauma. The e xtent of p erineal 
and genital t rauma often cannot be adequately assessed at 
the bedside. These patients often require examination under 
anesthesia f or c omplete e valuation a nd m ay b eneἀt f rom 
proctoscopy, sigmoidoscopy, o r formal u rethral i nvestiga-
tion w ith c ystoscopy o r u rethrogram [115]. M ost i njuries 
can b e a ddressed w ith a natomical r econstruction o f t he 
perineum, a nus, a nd e xternal genitalia. O ccasionally, u ri-
nary or fecal diversion may be necessary with more exten-
sive injuries.
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The role of laparoscopy

Pediatric abdominal trauma has become a largely non-
operative e ndeavor, b ut t here a re c ertainly s ituations 
where su rgical i ntervention i s w arranted. I ndications f or 
operation i nclude intra-abdominal i njury w ith p ersistent 
hemodynamic i nstability d espite a ggressive r esuscitation, 
pneumoperitoneum, o r c linical e vidence o f h ollow o rgan 
perforation, and a penetrating mechanism with peritoneal 
violation. L aparotomy i s t he gold s tandard for e valuation, 
but it carries a high morbidity and occasional mortality, as 
well a s a l ife-long r isk f or a dhesive i ntestinal o bstruction 
[116]. Laparoscopy is a diagnostic and therapeutic alternative 
to laparotomy in hemodynamically stable pediatric abdom-
inal t rauma c ases [117,118]. L aparoscopy c an provide v ital 
information t hat may prevent u nnecessary laparotomy. I n 
addition, some injuries may be addressed with laparoscopy 
with a resultant reduction in morbidity.

Laparoscopy h as b ecome s tandard o f c are f or m any 
pediatric surgery procedures, but its use in trauma is more 
controversial. A  r etrospective r eview f rom P ittsburgh 
published by Feliz et al. conἀrms that laparoscopy is safe 
for the evaluation and treatment of selected patients [116]. 
Information w as e xtracted o ver a 5 -year p eriod f rom 
January 2000 to December 2004 examining patients who 
had operations for abdominal trauma at a p ediatric level 
I t rauma c enter. There w ere 7 127 t otal t rauma a dmis-
sions. A bdominal o perations w ere p erformed i n 1 13 
patients who experienced 88% blunt and 12% penetrating 
injuries. E ighty-one pa tients h ad e mergent l aparotomy 
and 3 2 pa tients h ad i nitial l aparoscopy. Average a ge f or 
those undergoing laparoscopy was 8 years (range 2–15). 
Laparoscopy w as p ositive i n 2 3 (72%) patients. Negative 
laparoscopy o ccurred i n n ine ( 28%) pa tients, ἀ ve with 
blunt a nd f our w ith p enetrating t rauma. L aparoscopic 
therapeutic i nterventions w ere suc cessfully p erformed 
in 6 pa tients, while 14 patients required a l aparotomy to 
repair identiἀed injuries. Three patients had diagnostic 
laparoscopy with diagnosis of nonexpanding hematomas 
requiring n o f urther t herapy. O verall, l aparotomy w as 
avoided in 17 (56%) patients. There were no missed inju-
ries o r t echnical c omplications a ssociated w ith l aparos-
copy and none of the patients died. From this review, the 
authors proposed a n a lgorithm to g uide t he use of lapa-
roscopy i n t rauma. A ny s table p ediatric t rauma pa tient 
with su spected b lunt i ntra-abdominal i njury s hould 
undergo C T o f t he a bdomen a nd p elvis a nd, i f t here i s 
evidence o f h ollow v iscus i njury o r f ree p eritoneal fluid 
in t he a bsence o f s olid organ i njury, d iagnostic l aparos-
copy is justiἀed. In the setting of penetrating abdominal 
injury a nd s table h emodynamics, a d iagnostic l aparos-
copy m ay b e i ndicated w ith c onἀrmed o r q uestionable 
penetration of the peritoneal cavity to rule out a v isceral 
injury. While there should be no hesitation to perform an 
exploratory laparotomy if it is indicated, this study and a 
few other s maller s eries [103,104] p rovide e vidence t hat 
laparoscopy i s a d iagnostic a nd t herapeutic a lternative. 

Although the various procedures performed through the 
laparoscopic approach depend on the comfort level of the 
operating su rgeon, t he e xperience w ith m inimally i nva-
sive surgery is expanding rapidly. The injuries commonly 
addressed with laparoscopy include simple bowel perfora-
tion, diaphragm injury, mesenteric tear, abdominal wall 
hernia, a nd s imple pa ncreatic l acerations. A s m ore e vi-
dence accumulates that supports the use of laparoscopy in 
trauma, its role will likely expand.
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Pediatric genitourinary trauma
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Introduction

Trauma i s t he g reatest c ause o f d eath a nd a cquired 
disability i n c hildren [1]. When t he g enitourinary ( GU) 
system is involved, t he k idney i s t he m ost  frequently 
injured o rgan. W hile G U i njuries m ay n ot n ecessarily 
present w ith l ife-threatening i njuries, m issed i njuries 
may contribute to signiἀcant patient morbidity. Thus, 
a high index of suspicion should be maintained for GU 
injury for any blunt or penetrating injury to the abdomen, 
flank, or groin.

Renal trauma

The k idney i s t he m ost c ommonly i njured o rgan i n t he 
GU system. Greater than 90% of GU trauma in the United 
States involves the kidney and it is more frequently injured 
than the spleen, liver, pancreas, bowel, lung, heart, or great 
vessels [2–4]. Renal trauma has been estimated to occur in 
10%–20% of pediatric blunt abdominal trauma cases [5,6]. 
According to t he National Trauma Data Bank, t here were 
more t han 18,000 pediatric renal lacerations f rom 2002 to 
2007 [ 5]. C ompared w ith t he a dult k idney, t he p ediatric 
kidney i s m ore s usceptible t o t rauma d ue t o s everal a na-
tomic factors: less cushioning from perirenal fat, weaker 

abdominal m usculature, a nd a l ess w ell-ossiἀed t horacic 
cage. The child’s kidney also occupies a l arger space in the 
retroperitoneum than that of an adult kidney [7]. Retained 
fetal lobulations may a lso predispose to parenchymal dis-
ruption [2]. Congenital renal anomalies may predispose the 
kidney to injury. Additionally, a pelvic kidney may be pre-
disposed t o t raumatic i njury a s i t i s l ess p rotected b y t he 
lower ribs and abdominal muscles compared with an ortho-
topic kidney.

Broadly s peaking, r enal t rauma i s d ivided i nto b lunt 
and p enetrating t rauma. Bl unt r enal i njuries a re t ypi-
cally associated with rapid deceleration, motor vehicle 
collisions, a uto-pedestrian c ollisions, f alls >15 f eet, c on-
tact s ports, a nd n on-accidental t rauma. A r ecent p ediat-
ric renal trauma review of the National Trauma Database 
showed that penetrating renal injuries accounted for 9.7% 
of all renal injuries, whereas 90% were blunt renal inju-
ries [ 8]. P enetrating r enal i njuries t ypically r esult f rom 
gunshot w ounds o r s tab wounds f rom knives o r other 
sharp objects. High-velocity and -energy gunshot wounds 
produce a radiating wave of injury and cavitation known 
as “blast effect,” which damages tissue beyond the tract of 
the projectile [9]. Penetrating injuries to t he chest, abdo-
men, and flank areas should be assumed to have renal inju-
ries until proven otherwise [10].
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Evaluation

After t he p atient h as b een a ppropriately r esuscitated a nd 
life-threatening injuries addressed, the GU system can be 
assessed. Unlike a dults, c hildren m ay n ot m anifest h ypo-
tension, and early hematocrit measurements and degree of 
hematuria are not related to the degree of renal injury. These 
differences a re d ue t o i ncreased v asculogenic r esponsive-
ness to catecholamines in children who have sustained trau-
matic injury. The increased vascular tone allows the child to 
better maintain blood pressure, hemoglobin and hematocrit 
levels, and reduce blood flow to the kidney compared with 
an adult with a similar degree of renal injury [11,12].

Studies have shown that similar criteria can be used in 
both adults and children regarding the evaluation of renal 
trauma provided t hat p hysical e xam ἀ ndings a nd m echa-
nism of i njury a lso b e t aken i nto c onsideration [13]. Thus 
standard indications for i maging a children for suspected 
renal injury after blunt abdominal trauma include: (1) gross 
hematuria, ( 2) m icrohematuria ( ≥50 r ed b lood c ells p er 
high-power ἀe ld) a nd s hock ( systolic B P < 9 0 m mHg), 
(3) m echanism o f i njury ( high-speed d eceleration injury, 
fall >10 feet, direct blow to the flank), and (4) physical exam 
ἀndings ( abdominal o r flank e cchymosis, l ower r ib f rac-
tures). However, a ny penetrating wound to t he lower t ho-
rax, abdomen, or flank should prompt radiologic evaluation 
for a renal injury [6,14].

Because o f t he n eed t o r ule o ut c oncurrent i ntra-
abdominal o rgan i njury i n p atients w ith s uspected r enal 
injury, the baseline lab evaluations include complete blood 
count, e lectrolytes, c reatinine, b lood u rea n itrogen, l iver 
function tests, amylase, lipase, and urinalysis.

Radiographic evaluation

Although t he g old s tandard f or e valuation o f a s uspected 
traumatic renal injury remains a triphasic computed tomog-
raphy (CT) scan, there have been various protocols used to 
minimize r adiation e xposure. The “ split b olus p rotocol” 
involves two boluses of intravenous (IV) contrast followed by 
a single CT series of images taken 5–10 min later [15]. After 
review of these images, i f there is concern for ureteropelvic 
junction (UPJ) disruption or distal ureteral avulsion injury, 
a delayed KUB or limited CT cuts 15 min postinjection may 
be useful.

Recently, t here h as b een s igniἀcant c oncern r egard-
ing r adiation e xposure i n c hildren p otentially l eading t o 
increased incidence of future malignancy. One study noted 
that in a 1-year-old an abdominal CT conferred a 0.18% life-
time r isk of c ancer mortality, which i s a n order of magni-
tude h igher t han a dults, over t he n atural b ackground r ate 
[16]. The authors have suggested lower milliampere-second 
settings for children without signiἀcant loss of information. 
Other i nstitutions h ave a dopted a n “ as l ow a s r easonably 
achievable” c oncept i n t he m anagement o f p ediatric b lunt 
renal t rauma, by u sing C T a s t he i nitial m ode o f i maging 

but preferentially using renal ultrasound (RUS) for follow-up 
imaging and found this protocol to be feasible and safe [17].

Although CT imaging is the most reliable method used 
to e xclude s igniἀcant u rinary t ract i njuries a fter t rauma, 
radiation exposure is a signiἀcant concern. Focused assess-
ment w ith s onography i n t rauma ( FAST) e xamination i s 
generally used in two settings. In a major trauma in which 
the patient is unstable, FAST may be used to image the kid-
neys t o c onἀrm a n ormal c ontralateral k idney i n c ase a n 
emergent nephrectomy is necessary. In the setting of minor 
trauma, a FAST exam may be used and if the ultrasound is 
normal and physical exam ἀndings are normal for 6 hours, 
the combination of these two ἀndings essentially rules out 
major renal injury [18]. However, the accuracy of the FAST 
exam is highly dependent upon the experience of the exam-
iner, with the sensitivity ranging from 60% to 90%, whereas 
the speciἀcity is close to 100% [19].

An i ntraoperative one-shot I V pyelogram (2 m L/kg I V 
bolus of contrast with a single image obtained 10–15 min 
later) m ay b e u sed t o c onἀrm a c ontralateral f unctioning 
kidney is present in rare cases when the patient is taken to 
the operating room without a CT if the surgeon is consider-
ing renal exploration or nephrectomy [20].

Renal trauma grading system

The original renal organ i njury scale, described by Moore 
in 1989 [21], for the American Association for the Surgery 
of Trauma (AAST), categorizes renal injuries from grades I 
through V (Table 19.1).

In 2011, Buckley and McAninch proposed a revision of 
the original 1989 renal organ injury scale (Table 19.1), w ith 
the main differences including segmental vascular injury and 
UPJ disruption or renal pelvic lacerations as grade IV inju-
ries and removal of the term “shattered kidney” [12]. Thus, all 
collecting system injuries in the new classiἀcation system are 
grade IV injuries and hilar injuries to the main renal artery 
and v ein a re g rade V. The r eclassiἀed g rade V i njuries a re 
more likely to characterize patients with severe life-threaten-
ing i njuries. With t his reclassiἀcation, t he overall nephrec-
tomy rate for a g rade V i njury is about 75% and f unctional 
salvage rate (>25% residual f unction of t he involved k idney 
on renal scan) i s 4% [12]. Despite t his revised c lassiἀcation 
system, the majority of recent pediatric renal trauma litera-
ture still uses the original 1989 classiἀcation scheme.

Preexisting renal anomalies (i.e., UPJ obstruction, hydro-
nephrosis, h orseshoe k idney) a re t hree- t o ἀ vefold m ore 
common in pediatric patients undergoing a screening CT 
for trauma than in the adult population [22]. Overall, these 
congenital renal anomalies are seen in 12%–35% of the chil-
dren who undergo CT imaging for suspected renal trauma 
[14,23]. When urinary extravasation is seen in patients with 
preexisting hydronephrosis or UPJ obstruction, rupture of 
the r enal p elvis o r m ajor l aceration e xtending t hrough a 
thinned renal cortex into the collecting system is the most 
common ἀnding, not a UPJ disruption [22,24].
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Management

The vast majority of hemodynamically stable patients with 
grades I through III injuries will require no operative inter-
vention a nd m ay b e p ut o n a n onoperative m anagement 
protocol. C ertain p atients w ith g rades I V a nd V i njuries 
may be put on the protocol initially as well, with the under-
standing t hat changes i n c linical s tatus may warrant addi-
tional imaging and p ossible o perative i ntervention. Most 
nonoperative m anagement protocols c all for f requent v ital 
signs, h emoglobin/hematocrit m onitoring, s erial a bdomi-
nal e xams, i ntravenous ( IV) fluid resuscitation, a nd b ed 
rest u ntil t he r esolution o f h ematuria [14,25–27]. N otably, 
Graziano’s s tudy c hallenged t his p aradigm b y p roposing 
an abbreviated best rest protocol calling for early mobiliza-
tion, no urinary catheter, antibiotics, or routine imaging, 
and discharge when tolerating diet regardless of hematuria, 
which resulted in reduction in mean length of stay from 6.6 
to 2.9 days [28]. Admission to an intensive care unit (ICU) 
and the length of ICU stay varied from 24 hours to 1 w eek 
[27,29,30]. E mpiric a ntibiotic t herapy w as u sed i n s everal 
studies but the majority do not report the rate of urinary tract 
infection or infected hematoma [29,31,32]. Thus the necessity 
of empiric antibiotic use in the trauma setting is unknown. 
Traditionally, the recommendation for repeat CT imaging is 
usually within the ἀrst 24–72 hours [27,31,33]. However, it is 
reasonable to consider RUS as a p rimary form of follow-up 
imaging, reserving CT for situations with ambiguous ἀnd-
ings, in an effort to reduce radiation to the child [17].

While nonoperative management for hemodynamically 
stable children who have sustained all grades of renal trauma 

has become the norm, there are still certain indications for 
surgical i ntervention. A n a bsolute i ndication f or s urgical 
therapy, e ither o pen e xploration o r a ngioembolization, i s 
a hemodynamically unstable patient with no or transient 
response t o re suscitation [ 34]. O ther a bsolute i ndications 
for s urgery a re a n e xpanding o r p ulsatile r etroperitoneal 
hematoma f ound a t t he t ime o f s urgical e xploration, a nd 
inability to stop persistent bleeding by angioembolization. 
In patients who were initially managed nonoperatively, but 
demonstrate persistent fever, enlarging urinoma, increasing 
pain, ileus, ἀstula or infection, urinary drainage in the form 
of ureteral stent and augmented by percutaneous nephros-
tomy, if necessary, should be performed [26,35].

Notably, approximately 25 % o f p atients w ith d evital-
ized parenchyma (grade III), grade IV, and grade V injuries 
will r equire i ntervention f or p ersistent o r d elayed b leed-
ing (selective a ngioembolization o r n ephrectomy) [36,37]. 
Traditionally, delayed bleeding develops 1–2 weeks postin-
jury, but may occur up to a month after the initial insult as 
a result of ateriovenous ἀstula or pseudoaneurysm forma-
tion ( Figure 19.1). A r eview o f t he N ational Trauma D ata 
Bank s howed t hat o nly 2 % u nderwent a ngiography a fter 
renal i njury, a nd a lthough 8 8% of t hose p atients required 
subsequent intervention, secondary angioembolization was 
successful i n 9 7% o f c ases. Thus a ngioembolization s uc-
cessfully treated 80% of AAST IV and V c ases without the 
need for nephrectomy [38]. Although there is no consensus 
regarding w hen t o u tilize a ngioembolization, t he a uthors 
agree that it should be the ἀrst line of treatment in patients 
who have sustained renal trauma who have been transfused 
2–3 units packed red blood cells [38].

Table 19.1 AAST renal injury classifications

Grade Moore et al. (1989) Buckley and McAninch (2011)

I Subcapsular hematoma and/or 
contusion

Subcapsular hematoma and/or contusion

II Laceration <1 cm in depth and into 
cortex, small hematoma confined 
within Gerota’s fascia

Laceration <1 cm in depth and into cortex, small hematoma 
confined within Gerota’s fascia

III Laceration >1 cm in depth and into 
medulla, hematoma confined within 
Gerota’s fascia

Laceration >1 cm in depth and into medulla, hematoma confined 
within Gerota’s fascia

IV Parenchymal laceration extending 
through renal cortex, medulla, and 
collecting system

Laceration through the parenchyma into the collecting system; 
vascular segmental vein or artery injury; laceration into one 
or more collecting system with urinary extravasation; renal 
pelvis laceration and/or complete ureteropelvic junction 
disruption

V Completely shattered kidney; avulsion 
of renal hilum which devascularizes 
the kidney

Main renal artery or vein laceration or avulsion of main renal artery 
or vein thrombosis

Additional 
notes

Advance one grade for bilateral 
injuries up to grade III

A renal unit can sustain more than one grade of injury and should 
be classified by the higher grade of renal injury

Sources:  Modified from Moore EE et al., J. Trauma, 29, 1664–1666, 1989, American Association for the Surgery of Trauma (AAST) renal 
trauma classification comparing original 1989 classification; Buckley JC and McAninch JW, J. Trauma Inj. Infect. Crit. Care, 70, 
35–7, 2011, the proposed 2011 revision.
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A meta-analysis showed nonoperative management was 
successful in 83% of nonvascular grade IV injuries. Of the 
patients w ho r equired i nterventions f or s ymptomatic u ri-
noma, 80% were managed with ureteral stent, percutaneous 
drain, and p ercutaneous nephrostomy, while 2 0% needed 
open repair [39].

CT imaging characteristics indicative of future 
operative intervention

Several recent s tudies h ave e xamined t hat C T ἀ ndings a re 
indicative of f uture operative i ntervention. I n t he adult l it-
erature, C T ἀ ndings of i ncreased p erirenal hematoma d is-
tance, i ntravascular c ontrast e xtravasation, medial r enal 
laceration s ite, a nd p ercentage o f d evitalized p arenchyma 
were a ssociated w ith i ncreased r ates o f operative i nterven-
tion [40,41]. However, the l iterature on the pediatric side is 
less clear, consisting of several single-institution case series. 
Bartley and Santucci noted in a p ediatric series that medial 
contrast extravasation was seen in 4 of 10 patients with grade 
IV i njuries, o f w hich 3 u ltimately r equired u reteral s tents 
and/or percutaneous nephrostomy [14]. Another study noted 
that lack of opaciἀcation into the ipsilateral ureter, which was 

found in three patients, resulted in operative intervention in 
two patients and loss of function in the third, and that this 
radiologic ἀnding should prompt operative intervention [42]. 
Reese et a l. noted that presence of collecting system hema-
toma and increased urinoma size (1.5 cm with conservative 
management a nd 4 .3 c m w ith failed conservative manage-
ment) p redicted f ailure o f c onservative m anagement a nd 
children with failed conservative management had a greater 
incidence o f d issociated r enal f ragments a nd i nterpolar 
extravasation [43]. Another study corroborated the ἀndings 
of lack of opaciἀcation of t he ipsilateral u reter a nd collect-
ing system defects/hematoma were associated with failure of 
nonoperative management of high-grade blunt renal injuries 
[44] (Figure 19.2). A ἀ fth s tudy demonstrated t he need for 
transfusion, antero-medial laceration, intravascular contrast 
extravasation, and large perinephric hematoma (1.8 cm with 
conservative management and 2.9 cm with failed conserva-
tive management) were associated w ith need for urological 
intervention [ 45]. W ith n umerous s ingle-institution s eries 
drawing different conclusions on CT characteristics associ-
ated w ith u rologic i nterventions, i t i s d ifficult t o p inpoint 
which are indeed signiἀcant and clinically impactful.

Renal exploration and reconstruction

Exploratory laparotomy for trauma involved making a ver-
tical midline laparotomy incision from xiphoid to pubis to 
and a llow for c omplete i nspection of t he i ntra-abdominal 
contents. Repair of major vascular, spleen, liver, and bowel 
injuries should be performed before renal exploration. 
However, if there is hemorrhage from the renal hilum then 
kidney exploration should be prioritized. The renal hilum is 
accessed by making a vertical incision medial to the inferior 
mesenteric a rtery over t he aorta. The i ncision i s e xtended 
superiorly t o t he l igament o f T reitz a nd i nferiorly t o t he 
inferior mesenteric a rtery. O nce h ilar c ontrol i s o btained, 
further e xposure o f t he k idney a nd t he r etroperitoneum 
can be obtained by reflecting the colon. Earlier studies dem-
onstrated t hat o btaining e arly r enal h ilar c ontrol b efore 
opening Gerota’s fascia can decrease renal loss from 56% to 
18% [46]. In a series of 133 renal units, early vessel isolation 
and control was performed before opening Gerota’s fascia 
and resulted in a renal salvage rate of 89% [47].

If the patient is hemodynamically stable, without coag-
ulopathy, a nd o ther i ntra-abdominal o rgan i njuries h ave 
been addressed, then renal reconstruction can be addressed. 
Basic principles of renal reconstruction after trauma include 
complete renal exposure, temporary vascular control if nec-
essary, limited debridement of devitalized tissue, individual 
suture ligation o f bleeding v essels, water tight closure of 
collecting system defects with absorbable suture if possible, 
reapproximation of the parenchymal defect, coverage with 
ἀbroadipose flaps (Gerota’s fascia or omentum), and liberal 
use of drains. Based on experience from open nephron spar-
ing surgery, biologic hemostatic agents such as FLOSEALTM 
and T ISSEELTM ( Baxter H ealthcare C orp., D eerἀeld, I L) 
may be used to augment the repair [48,49].

Figure 19.1 Pseudoaneurysm (*) after grade IV renal lac-
eration trauma. The patient underwent internal double J 
stent placement for urinary extravasation. Approximately 
1 week following discharge, he re-presented with signifi-
cant gross hematuria. CT was suspicious for pseudoan-
eurysm. This was managed with interventional radiology 
embolization.
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Long-term renal function

Technetium-99 m-dimercaptusuccinic a cid ( DMSA) scans 
provide functional outcomes for children who have sustained 
renal t rauma, b ut o utcomes a re q uite v ariable. O ne s tudy 
noted that high grade injuries (grades IV and V) had a normal 
creatinine, but deἀnitive loss of 4 8% i n t he c alculated renal 
activity and no compensatory hypertrophy on the noninjured 
side [50]. The two clinical instances in which DMSA scan are 
being used are when there is concern for long-term renal prog-
nosis or w ith posttrauma-induced hypertension [50,51]. The 
most common ἀnding in a patient with posttraumatic hyper-
tension i s a s mall, s carred, n onfunctioning (<20%) k idney, 
which is a clinical indication for nephrectomy [23,50].

Conclusions

Blunt renal t rauma is much more common t han penetrat-
ing r enal t rauma. The v ast m ajority o f h emodynamically 
stable blunt renal trauma patients, across all grades, can be 
managed nonoperatively with excellent renal salvage rates. 
Patients with low grade injuries, grades I t hrough III, w ill 
likely do well w ithout a ny operative i ntervention. Patients 
who a re h emodynamically u nstable a fter i nitial e fforts o f 
resuscitation should undergo operative intervention (angio-
embolization o r e xploratory l aparotomy). P atients w ith 
high grade injuries, grades IV or V, who are initially man-
aged nonoperatively, may ultimately require reimaging and 
ureteral stenting for urinoma if they demonstrate persistent 
fever, abdominal p ain, o r i leus. These high grade patients 
may a lso h ave d elayed b leeding w hich s hould b e t reated 
with angioembolization.

Ureteral injuries

Traumatic ureteral injury in children is rare due to the small 
caliber of the ureter, its mobility, and protection by surround-
ing back muscles and retroperitoneal fat. Ureteral injury will 

occur i n c onjunction w ith o ther i ntraperitoneal i njuries i n 
90% of patients and renal or bladder injuries in 10% [52,53].

Diagnosis

A h igh i ndex o f s uspicion i s r equired for t he e valuation o f 
ureteral i njury. A d elay i n d iagnosis i s n ot u ncommon a s 
hematuria may be absent in up to two-thirds of patients with 
ureteral injury due to blunt trauma [52,54,55]. Complications 
such a s abscess or i leus may b e presenting s igns of a u rine 
leak d ue t o ureteral trauma [56]. The diagnosis of u reteral 
injury is usually made by CT urogram on the delayed series. 
If the C T urogram i s e quivocal b ut t here i s s till s uspicion 
of ureteral i njury, a c ystoscopy and r etrograde p yelogram 
can b e p erformed t o a id i n d iagnosis. S igniἀcant ἀ ndings 
include m edial a nd p eriureteral e xtravasation o f c ontrast. 
Nonvisualization of t he d istal ureter is a s uspicious ἀ nding 
[57]. Recently, a split-bolus protocol for abdominal CT imag-
ing has been proposed as a means to reduce exposure to ion-
izing radiation [15]. Although this has not been validated in 
large series, the imaging technique appears promising.

In t he c ase o f p enetrating t rauma, i nitial r adiographic 
imaging may not detect a ureteral injury. Gunshot wounds 
caused b y h igh-velocity m issiles m ay c ause i njury t o s ur-
rounding t issue at a s igniἀcant d istance f rom its path. A s 
tissue necrosis o ccurs over a 3 - to 5 -day p eriod following 
the initial injury, urinary leakage will begin to occur [58].

Management

The m anagement o f t raumatic u reteral i njury w ill d epend 
on t he location a nd length of t he i njury a s well a s t he t im-
ing o f t he d iagnosis i n r elationship t o t he i nitial i njury. 
Surgical exploration when acute ureteral injury is suspected 
is warranted (Figure 19.3). IV injection of indigo carmine or 
methylene b lue m ay h elp localize t he i njured u reteral seg-
ment. Proximally in the case of ureteral pelvic junction dis-
ruption, a p yeloureterostomy c an b e p erformed. I psilateral 

(a) (b)

Figure 19.2 Seven-year-old male sustaining blunt renal trauma. (a) Axial CT urogram showing clot in the right renal pelvis 
(blue arrow) and significant hematoma posterior to kidney (blue star). (b) Axial CT urogram in the same patient showing 
lack of ipsilateral right ureteral opacification (red arrow) and significant posterior medial contrast extravasation/urinoma.
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Figure 19.3 (a) Levels of ureteral trauma. Proximal (A), mid-
ureteral (B), and distal ureteral (C) injuries may require differ-
ent approaches to repair. (b) Ureteroureterostomy. After the 
injured segment of ureter is identified and excised, uretero-
ureterostomy may be performed if a tension-free reapproxi-
mation of the distal and proximal ends of the ureter can be 
achieved. Note that spatulation of the two ends on opposite 
sides will reduce the risk of ureteral stricture from occurring. 
(c) Psoas hitch. For distal ureteral injuries, a ureteral reimplant 
is performed. If it is necessary to reduce tension on the ureter, 
the bladder is mobilized on the side opposite the injury. On 
the side of the injury, the proximal portion of the bladder is 
approximated to the psoas muscle with interrupted sutures, 
thereby bringing the bladder in closer proximity to the distal 
end of the injured ureter. (d) Boari flap. To bridge a large dis-
tance from the ureter to the bladder, a flap of bladder is mobi-
lized and then tubularized to extend toward the distal end of 
the injured ureter. (Courtesy of Texas Children Hospital.)
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ureteroureterostomy is warranted if a tension-free, spatulated, 
and water-tight anastomosis can be achieved. For distal inju-
ries below the iliac vessels, reimplantion into the bladder is the 
best option. Extra length for reimplantation may be achieved 
with a psoas hitch or boari flap. Transureteroureterostomy is a 
consideration; however, this does place a normal contralateral 
kidney at risk. In the case of extensive ureteral injury with few 
options for repair, a t emporizing nephrostomy t ube may be 
placed and deἀnitive repair delayed. Delayed reconstruction 
may include i leal or appendiceal interposition, transuretero-
ureterostomy, ureterocalycostomy, autotransplantation of the 
kidney to the pelvis, and nephrectomy.

Diagnosis of ureteral injury more than 6 days after initial 
trauma i s u sually m anaged w ith a p ercutaneous nephros-
tomy t ube a nd/or a s tent. R adiographic s tudies i ncluding 
retrograde p yelogram, a ntegrade n ephrostogram, r enal 
ultrasound, and MAG3 scan after 12 weeks may be used to 
assess renal f unction a s well a s t he location a nd length of 
ureteral injury. Delayed reconstruction with techniques as 
described above may then be planned.

Bladder injuries

The bladder is well protected by the bony pelvis; however, 
in y ounger c hildren, t he b ladder o ccupies a m ore a bdomi-
nal position, especially when full. The dome of the bladder is 
more mobile a nd d istensible a nd i s more susceptible to r up-
ture from external forces. Intraperitoneal bladder rupture 
occurs in approximately one-third of all bladder injuries [59]. 
Extraperitoneal bladder r upture occurs a lmost exclusively i n 
association with pelvic fractures. Interestingly, the incidence of 
lower urinary tract injury in association with pelvic fractures is 
lower in children (1%) than adults (10%–25%) [60]. A shearing 
injury at the anterior and lateral wall of the bladder base occurs 
with the disruption of the pelvic ring. Occasionally, the bladder 
may be lacerated by a sharp bony spicule.

Historically, b ladder i maging w as r ecommended i n 
all patients p resenting with a history o f blunt a bdominal 
trauma a nd e ither m icroscopic o r g ross h ematuria. This 
has demonstrated low yield with high cost [61,62]. Absolute 
indications for bladder imaging after blunt trauma include 
gross h ematuria i n t he p resence o f a p elvic f racture a nd 
inability to void. In t he case of penetrating t rauma, imag-
ing should be performed i f f ree fluid i s noted on C T scan 
or if the trajectory of the missile tract courses through the 
expected location of the bladder [61,63].

Diagnosis

Either standard or CT cystography can be utilized to assess 
the b ladder f or i njury ( Figure 1 9.4). C T c ystography h as 
been shown to be equally diagnostic of bladder rupture as 
conventional c ystography w ith a n o verall s ensitivity a nd 
speciἀcity o f 9 5% a nd 1 00%, r espectively [ 64,65]. W ater-
soluble iodinated contrast is instilled by gravity through a 
Foley catheter placed in the bladder. It is important that the 
bladder is adequately ἀlled to capacity for age for the study. 

The bladder capacity in a child may be estimated using the 
formula (age + 2 ) × 3 0 c c [66]. P lugging a F oley c atheter 
at the time of initial CT scan for trauma may not result in 
adequate distention of the bladder and may lead to a missed 
diagnosis of bladder injury.

The characteristic radiographic ἀnding in an extraperi-
toneal injury is that of a s tarburst or flame-shaped area of 
extravasation that is conἀned to the perivesical soft tissue. 
A “teardrop deformity” of the bladder may be noted in the 
presence of a l arge pelvic hematoma. Intraperitoneal blad-
der injury is identiἀed by the presence of contrast material 
in the cul-de-sac, outlining loops of bowel and occasionally 
outlining the paracolic gutter.

Management

All patients w ith t raumatic bladder i njury should i nitially 
receive I V a ntibiotics a nd c ontinue w ith o ral a ntibiotics 
until after all urinary drainage catheters are removed [67]. 
Management o f b ladder r upture d epends o n t he e xtent 
of t he i njury a nd w hether t he i njury i s e xtraperitoneal or 
intraperitoneal. I n g eneral, e xtraperitoneal b ladder i njury 
may b e managed n onoperatively with c atheter drainage 
alone f or a pproximately 7–10 d ays ( Figure 19.3). A c ysto-
gram should be obtained prior to removing the catheter to 
ensure complete healing of the ruptured bladder. Operative 
intervention for extraperitoneal bladder rupture is a consid-
eration if the extent of the injury is very large and has failed 
prior nonoperative managment, if a bony spicule appears to 
protrude into the bladder, or if there is a concomitant ortho-
pedic procedure, which will necessitate placement of hard-
ware i n t he p elvis [68]. P osterior b ladder i njuries a round 
the trigone can be accessed via an intravesical approach. If 
there is injury near the bladder trigone, the ureteral oriἀces 
should b e c anulated a nd i njected w ith m ethylene b lue o r 
indigo carmine to rule out a concomitant ureteral injury.

Extraperitoneal i njury i nvolving t he b ladder neck w ar-
rants special consideration. Bladder lacerations in children 
are twice as likely to extend through the bladder neck com-
pared w ith adults. It should be suspected i f imaging dem-
onstrates u rinary e xtravasation b ut d oes n ot d emonstrate 
a competent bladder neck. Bladder neck i njuries managed 
with urethral or suprapubic catheter drainage alone may 
result in persistent leakage of urine with urinoma/abscess 
formation, pelvic osteomyelitis, and the potential for long-
term urinary incontinence [69]. In suspected bladder neck 
injury, surgical exploration is warranted. A retrograde ure-
throgram (RUG) or cystoscopy prior to surgical exploration 
may help rule out a c oncomitant urethral injury. Opening 
the bladder at the dome may help prevent a pelvic clot from 
being dislodged. Repair of the bladder neck in at least two 
layers from within the bladder is recommended.

Intraperitoneal b ladder i njury s hould b e t reated w ith 
prompt surgical repair (Figure 19.5). The peritoneal cavity 
should be opened, a ll urine a nd blood e vacuated, t he vis-
cera and vasculature inspected for injury, and the appropri-
ate therapy instituted. The bladder should be opened and 
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thoroughly i nspected. The b ladder i s c losed i n t wo l ayers 
from the inside. A perivesical drain should be placed. A 
large-bore urinary catheter should be placed. If the urethra 
is too small to accommodate a l arge sized catheter, t hen a 
suprapubic t ube m ay b e p laced. C atheter d rainage s hould 
be continued for 7–10 days and a cystogram should be per-
formed prior to catheter removal to ensure complete heal-
ing of the bladder.

Urethral injuries

Due to the immaturity of the bony pelvis, traumatic ure-
thral injuries in c hildren d iffer from adults. Combined 
injury to t he b ladder neck, posterior urethra, a nd sphinc-
teric complex occurs more commonly in children. This has 
implications f or l ong-term r isks o f u rinary i ncontinence 
and erectile dysfunction [70].

The m ale u rethra i s d ivided i nto t he a nterior a nd p os-
terior segments. The posterior male urethra comprises the 
prostatic a nd m embranous u rethra, w hich a re s egments 
above or including the urogenital diaphragm. The anterior 
urethra comprises the bulbous and penile urethra. Urethral 
injury i n females i s l ess c ommon t han i n m ales; however, 
female urethral d isruption is four t imes more common in 
children than adults.

Urethral injury should be considered in patients with a 
history of trauma t o the penis, vagina, perineum, or pel-
vis. Injury to the urethra should be ruled out with imaging 
or cystoscopy i f a ll t hree of t he following clinical ἀ ndings 
occur: p erineal/penile h ematoma, b lood a t t he m eatus o r 
vaginal introitus, and inability to void. Additionally, a work-
up is indicated when one or more pubic rami are fractured, 

a symphyseal diastasis is present or imaging suggests a blad-
der neck injury.

Posterior urethra

Approximately 5 % o f p atients w ith a p elvic f racture w ill 
have a n a ssociated u rethral i njury [60]. H igh-speed b lunt 
and crush injuries shear the attachment of the prostate 
and p uboprostatic l igaments f rom t he p elvic floor, w hile 
the m embranous u rethra, a ttached t o t he u rogenital d ia-
phragm, is pulled in another direction. This results in tear-
ing of the posterior urethra. In females, urethral injuries are 
associated with pelvic f ractures that result in laceration of 
the bladder neck and vagina.

Diagnosis

An R UG i s i ndicated i n m ales w ith s uspected u rethral 
injury. A n i nitial a nteroposterior ἀ lm c an i dentify p elvic 
fractures, d isplacement o f t he s ymphysis, o r t he p resence 
of foreign o bjects. The p atient i s t hen p laced i n a 25 °–30° 
oblique p osition, a c atheter i s i nserted j ust b eyond t he 
fossa navicularis and the balloon is inflated with 1–2 cc of 
water, then contrast is injected into the urethral meatus 
under fluoroscopy. I f a c atheter w as a lready i nserted i nto 
the b ladder, t his s hould n ot b e r emoved. A n a ngiocath-
eter can be inserted alongside the catheter at the urethral 
meatus and contrast injected under fluoroscopy. In females 

Figure 19.4 Cystogram demonstrating intraperitoneal 
bladder rupture (*) due to noncompliance with intermit-
tent catheterization in a child with spina bifida status 
post-ileocystoplasty and bladder neck sling.

Figure 19.5 CT cystogram demonstrating an extraperi-
toneal bladder perforation (*) due to trocar injury during 
laparoscopic appendectomy. A urethral catheter and 
an intraperitoneal Jackson-Pratt drain can be seen. The 
injury was managed with an indwelling urethral catheter 
for 7 days. A voiding cystourethrogram at the time of 
catheter removal demonstrated no leakage of urine and a 
normal-appearing bladder and urethra.
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with suspected urethral injury, cystoscopy and vaginscopy 
under general anesthesia is recommended due to the practi-
cal limitations of performing an RUG.

A rectal injury will be present in about 15% of children 
with a u rethral i njury. The a ccurate d iagnosis o f a c on-
current rectal injury with subsequent creation of a divert-
ing colostomy is essential. Unrecognized rectal injury in 
the setting of urethral injury may lead to pelvic abscess, 
pelvic osteomyelitis, and necrotizing fasciitis. The utility 
of d igital rectal exam i n t he a ssessment of patients w ith 
a u rethral i njury d ue to p elvic f racture h as been c alled 
into question due to its poor sensitivity [71]. Radiographic 
assessment of the rectum and/or endoscopy have demon-
strated greater sensitivity for this injury and yield more 
speciἀc information in regard to the location and severity 
of the injury.

Management

The i deal a pproach t o t he m anagement o f p osterior u re-
thral injuries is controversial, both in adults and children. 
Prompt urinary drainage in cases of pelvic fracture is rec-
ommended [34]. In general, the procedure of choice should 
be individualized, depending on the anatomy and the extent 
of the urethral injury, stability of the patient, and presence 
of additional injuries. Mild injuries of the urethra can be 
managed w ith c atheter p lacement a lone f or 7 –14 d ays. A 
voiding c ystourethrogram ( VCUG) i s o btained w hen t he 
catheter is removed. For more severe posterior urethra inju-
ries, options for treatment include endoscopic realignment 
and d elayed r epair w ith i mmediate s uprapubic d rainage. 
Management b y s utured p rimary en d-to-end a nastomosis 
is associated with the potential for disrupting surrounding 
tissue a nd m ay lead to worse outcomes i n t erms of c onti-
nence [72,73].

Endoscopic r ealignment should b e performed as s oon 
as a patient is stabilized and associated intra-abdominal or 
pelvic injuries have been addressed. A flexible or rigid cys-
toscope is used to place a wire through the urethra and into 
the bladder. A urethral catheter can then be placed over the 
wire into the bladder. Catheter drainage for approximately 
4–8 weeks is recommended. A VCUG should be performed 
at t he time o f catheter r emoval t o ensure a dequate h eal-
ing. Long-term follow-up with flow rates and renal bladder 
ultrasound i s r ecommended a s s tricture r ates r ange f rom 
14% to 45% [74–77].

If endoscopic realignment fails o r if a patient i s too 
unstable to u ndergo attempted realignment, a s uprapubic 
tube should b e p laced. Evaluation w ith s imultaneous ret-
rograde u rography a nd a ntegrade c ystogram a nd VCUG 
approximately 3 m onths a fter i njury w ill h elp d elineate 
the l ocation a nd p otentially t he l ength o f t he s trictured 
urethra. Sh ort s trictures m ay b e t reated w ith en doscopic 
urethrotomy. M oderate-to-long s trictures m ay re quire 
anastomotic urethroplasty, single-staged or two-staged flap 
or graft repairs.

Anterior urethra

Anterior urethal injuries are more common than posterior 
urethral injuries in children. Anterior urethral injury may 
result from straddle injuries, penetrating gunshot wounds, 
stabs, or u rethral i nstrumentation. Additionally, i njury to 
the urethra may occur during the repair of anorectal mal-
formations. P artial o r complete disruption o f the u rethra 
and its fascial coverings may occur. Urethral rupture con-
tained b y B uck’s f ascia o f t he p enis a llows f or b lood a nd 
urine to track along the shaft only and appears as a sleeve of 
the penis. Urethral rupture with extravasation of blood and 
urine contained by Colles’ fascia produces a classic butterfly 
hematoma of the perineum.

Diagnosis

Physical exam ἀndings may raise the suspicion for partial or 
complete disruption of the urethra and its fascial coverings. 
Urethral r upture c ontained b y B uck’s f ascia o f t he p enis 
allows f or b lood a nd u rine t o t rack a long t he s haft only 
and appears as a s leeve of the penis. Urethral rupture with 
extravasation of blood and urine contained by Colles’ fascia 
produces a classic butterfly hematoma of the perineum. An 
RUG may help delineate the location and extent of injury to 
the urethra, but may not be necessary in all cases of anterior 
urethral injury.

Management

Minor contusions of t he anterior urethra, w ithout d isrup-
tion, may be t reated w ith a f ew d ays of c atheter d rainage. 
When the injury is more involved or penetrating in nature, 
surgical e xploration, d ebridement, a nd d irect r epair a re 
indicated. For distal bulbar or proximal pendulous urethral 
injuries, a p erineal or penoscrotal incision is made. A c ir-
cumcising i ncision w ith d egloving of t he p enis i s s uitable 
for injuries of t he d istal urethra. Urethral lacerations may 
be primarily r epaired w ith en d-to-end a nastomosis and 
catheter drainage for 7–10 days. Injuries related to gunshot 
wounds o r e xtensive p erineal i nvolvement m ay r equire 
debridement and urinary diversion with a suprapubic tube 
with staged urethroplasty to be performed several months 
later.

In t he c ase o f i atrogenic i njury t o t he u rethra d ue t o 
urethral i nstrumentation, m anagement c onsists o f e stab-
lishing urethral continuity with a catheter. If an initial bed-
side attempt to place a urethral catheter fails, an attempt at 
endoscopic or radiologic guided placement of the catheter 
is indicated. In the event of failure to place a urethral cath-
eter, u rinary d iversion w ith a s uprapubic t ube o r v esicos-
tomy may be performed. Depending on the severity of the 
initial injury, follow-up imaging may consist of a VCUG at 
the time of catheter removal and an RUS several months fol-
lowing catheter removal. In older children, a uroflow study 
with postvoid residual determination is important.
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Proximal penile or bulbar u rethral i njury at t he t ime 
of repair of a n a norectal m alformation c an o ccur e ither 
due t o t he l ack o f u rethral c atheter a t t he t ime o f s ur-
gery or due to a c atheter placed t hrough a r ectourethral 
ἀstula i nto t he r ectum. P revention o f t his i njury w ith 
an a ppropriate p laced u rethral c atheter p rior t o r epair 
is i deal. This m ay r equire c ystoscopy w ith o r w ithout a  
guidewire [67,78].

Testicular injuries

In boys presenting w ith scrotal pain, t he d iagnosis of tes-
ticular torsion must be ruled out. Up to 5%–8% of boys who 
are found to have testicular torsion have a history of scrotal 
trauma. If a d iagnosis for scrotal/testicular pain cannot be 
made o n c linical e xam, s crotal u ltrasound i s t he i maging 
modality of choice. Rupture of t he testis can be seen w ith 
blunt or penetrating trauma [79]. Scrotal exploration is war-
ranted in the acute setting if a t unica rupture is suspected. 
Testicular volume loss may occur with surgical exploration 
due to debridement and possibly pressure-related ischemia 
[80]. Extracellular matrix graft materials as well as the use 
of a t unica vaginalis flap have been utilized successfully in 
repair of large defects [81]. In the setting of delayed presen-
tation (1–5 days following trauma), an observation protocol 
has been described consisting of scrotal support, antibiotics, 
and rest. Resolution of t he scrotal f racture w ith preserved 
testicular architecture was seen on follow-up u ltrasound 
imaging [82].
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20.1
Pediatric Orthopedic Trauma: An overview of 
pediatric musculoskeletal trauma

KATHERINE SCHROEDER and SCOTT ROSENFELD

Introduction

Musculoskeletal injury in the child diἀers significantly from 
the adult, both in injury patterns seen and in the methods of 
treatment. While most injuries are isolated and do well with 
straightforward treatment, some can be life-threatening or 
lead t o s ignificant l ong-term m orbidity. M usculoskeletal 
injuries a re a lso q uite c ommon i n t he m ultiply i njured 
patient. Thus, a n u nderstanding of pediatric musculoskel-
etal injuries is crucial in the overall t reatment of pediatric 
trauma patients.

Epidemiology of skeletal trauma

Skeletal injuries are common in children, with an estimated 
40% o f b oys a nd 25% o f g irls su staining a f racture b y 16 
years of age [1]. Every year, approximately 25% of children 
sustain a n i njury, w ith 10%–25% of t hese i njuries consist-
ing o f a f racture [2]. Across a ll a ges, b oys a re more l ikely 
to su stain a f racture t han g irls a nd t he i ncidence o f f rac-
tures i ncreases t hroughout childhood a nd peaks at age 12 
in girls and 15 in boys. Socioeconomic status, season of the 
year, and time of day all influence the incidence of skeletal 
trauma. M ost p ediatric f ractures o ccur i n t he a fternoon, 
after school. They are also more likely to occur in the sum-
mer, when t he days a re longer [3,4]. L ower socioeconomic 
status has been associated w ith increased r isk of f ractures 
and other injuries in the pediatric population as well [5].

In 2012, 12.9 million children and adolescent health care 
visits i n t he United S tates were a r esult o f a m usculoskel-
etal injury. Over 200,000 of these required hospitalization. 
Total hospital charges for all musculoskeletal diagnoses 

in 2 012 t otaled $ 7.6 b illion i n t he p ediatric p opulation. 
Musculoskeletal trauma accounted for 43% of these charges 
[6]. Days missed from school and work, medical equipment 
costs, a nd p hysical t herapy a nd r ehabilitation c osts a lso 
contribute significantly to the economic burden of pediatric 
musculoskeletal trauma.

Pathophysiology

The anatomy, b iomechanical p roperties, and physiology 
of t he i mmature s keleton d iἀer p rofoundly f rom t hose o f 
an adult. From a biomechanical standpoint, the immature 
skeleton, a s c ompared t o t hat o f a m ature pa tient, h as a n 
increased capacity to adapt to stress prior to failure, greater 
potential t o r emodel, a nd s horter h ealing t ime. F rom a n 
anatomic s tandpoint, t he i mmature s keleton h as t hicker 
periosteum t han t hat o f t he m ature s keleton a nd g rowth 
plates ( physis) a re p resent. A s a r esult, p ediatric pa tients 
have unique injury and f racture patterns including buckle 
fractures, g reenstick f ractures, p lastic d eformation, a nd 
physeal f ractures (Figures 20.1.1 and 20.1.2). These unique 
patterns r equire d iἀerent m ethods o f t reatment t han t he 
patterns seen commonly in adults.

The physis provides both longitudinal and circumferential 
growth to t he bone. It i s not only very metabolically active 
but also vulnerable to injury. Joint d islocations or l igamen-
tous i njuries, while common i n adults, a re rare i n children 
as the weaker, nearby physis or apophysis usually fails first. 
Fractures i nvolving t he physis account for up to 30% of a ll 
skeletal i njuries i n c hildren [7]. P hyseal f ractures g enerally 
heal r apidly but c an lead to premature physeal c losure a nd 
growth a rrest w ith su bsequent d eformity a nd s hortening. 
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In 1963, S alter a nd Ha rris proposed a c lassification s ystem 
for physeal fractures, which is still used today (Figure 20.1.3) 
[8]. Type I fractures involve only the physis and are common 
and often seen in younger children. Type II fractures are the 
most common type of physeal fractures and are described as 
having a fracture line that runs through the physis and exits 
through t he m etaphysis. Type I II a nd I V f ractures e xtend 
through the physis and across the epiphysis into the articular 
surface and carry an increased risk of intra-articular injury, 
arthritis, a nd g rowth d isturbance. Type V i njuries i nvolve 
a crushing injury to the physis and have the greatest risk of 
growth disturbance [8]. In 1969, Rang added type VI, indi-
cating a n i njury to t he p eriphery of t he physis [9]. Specific 
physeal f ractures t hat a re notoriously at t he greatest r isk of 
growth a rrest i nclude d istal f emur p hyseal f ractures a nd 
type I II a nd I V f ractures i nvolving t he m edial m alleolus 
(Figure 20.1.4) [10–12].

There are many ways in which fractures can be described: 
open v ersus c losed, b ased o n l ocation i n a l ong b one, o r 
based o n f racture pa ttern o r a lignment o f t he f ractured 
bone. W hen c lassifying a l ong-bone f racture b y a natomic 
location, the regions where injuries may occur include the 
epiphysis (closest to the adjacent joint), physis, metaphysis, 
and d iaphysis (shaft) ( Figure 2 0.1.5). D iaphyseal f ractures 
can o ccur i n multiple pa tterns i ncluding p lastic d eforma-
tion (the bone is bent but without a visible fracture line), 
greenstick fractures (plastic deformation on one side of the 
bone and a visible fracture line on the other side), or com-
plete f ractures. A g reenstick f racture i s so named because 
it i s a nalogous t o t he w ay a y oung g reenstick t ree branch 
is d ifficult t o b reak c ompletely. C omplete f ractures c an 
be d escribed b y t heir r adiographic pa ttern a nd i nclude 

Figure 20.1.2 A lateral radiograph of the forearm reveals 
a greenstick fracture of the radius (arrow) and plastic 
deformation of the ulna (asterisk).

*Growth
plate

*

Normal I II 

III IV V

Figure 20.1.3 Salter-Harris classification of physeal frac-
tures. (From Katherine M.S., and Scott R., General Concepts 
of Pedi Ortho Trauma, Pediatric Trauma, 2nd edition.)

Figure 20.1.1 AP and lateral radiographs of the wrist dem-
onstrate a buckle fracture of the distal radius metaphysis.
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transverse, o blique o r s piral, a nd c omminuted ( multiple 
small fracture fragments). These diἀerent fracture patterns 
occur depending on the mechanisms of injury such as direct 
blows, twisting, and high-energy mechanisms, respectively. 
The m etaphysis o f a l ong b one c ontains b one t hat i s l ess 
dense and more porous, which makes this a common loca-
tion for buckle or compression-type fractures.

All f ractured b ones t end t o r emodel, o r r eshape, o ver 
time as they heal. However, the potential to remodel is much 
higher in children because growth assists in remodeling of 
fractures. The younger the patient and the more growth 
the pa tient h as r emaining, t he g reater t he p otential f or a 
bone t hat h eals c rooked t o s traighten o ut. F ractures t hat 
most reliably r emodel a re those t hat a re close t o a p hysis 
and are angulated in the plane of movement of the nearest 
joint. For example, a distal radius fracture that is angulated 
either volarly or dorsally is more likely to remodel than one 
that is angulated radially or u lnarly. As expected, younger 
children h ave a g reater p otential t o r emodel c ompared 
with older children and adults. Distal radius and proximal 
humerus fractures in children show the greatest propensity 
to remodel (Figure 20.1.6).

Another c onsequence o f a c hild’s g rowth o n f racture 
healing i s t he t endency o f o vergrowth. C linically, t his 
is m ost f requently s een in d iaphyseal femoral f ractures. 
Fractures of the femoral shaft will spontaneously  correct 
shortening o f u p t o 1 –2 c m i n a y oung child [ 13,14]. 
Overgrowth c an a lso r esult i n d eformity. This i s s een 
most commonly in proximal tibial metaphyseal fractures, 
also c alled C ozen f ractures. In t hese f ractures t here c an 
be a symmetric o vergrowth o f t he m edial p ortion o f t he 
proximal tibial physis, leading to valgus deformity about 
the knee [15,16].

An approach to pediatric orthopaedic 
trauma

While t he m ajority o f p ediatric f ractures a re i solated a nd 
occur via a relatively low-energy mechanism of injury such 
as a fall or twisting, a small number occur in higher-energy 
circumstances suc h a s m otor v ehicle c ollisions a nd m ay 
result i n a m ultiply i njured pa tient. These m ore s everely 
injured pa tients s hould b e e valuated a s t rauma pa tients 
and A dvanced T rauma L ife S upport p rotocols s hould b e 
followed. The pa tient s hould b e i mmobilized a nd s pine 
precautions e nforced i f i ndicated. P rimary a nd s econdary 
surveys should be completed. Imaging including anteropos-
terior (AP) radiographs of the chest and pelvis and a lateral 
x-ray of the cervical spine should be obtained. Additional 
studies (CT scans and/or ultrasound) should be obtained as 
indicated. I t i s i mportant t o n ote t hat t he s econdary su r-
vey continues for 24 to 48 hours after the initial assessment. 
Continuous r eassessment w ill h elp i dentify i njuries t hat 
may be missed as a result of distracting larger injuries in 
polytrauma patients [17,18].

An initial history, including mechanism of injury, is impor-
tant t o o btain. A t horough m usculoskeletal e xamination, 

Figure 20.1.4 A physeal injury to the medial malleolus can 
lead to growth arrest and angular deformity of the ankle.

Epiphysis

Physis

Metaphysis

Metaphysis

Physis

Diaphysis

Epiphysis

(a)

Figure 20.1.5  Anatomic regions of a long bone. (From 
Katherine M.S., and Scott R., General Concepts of Pedi 
Ortho Trauma, Pediatric Trauma, 2nd edition.)
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including a n eurovascular e xam, s hould b e p erformed. I f 
there is a high-energy mechanism of injury, an unconscious 
patient, or concern for spinal t rauma, t he patient should be 
immobilized on a pediatric spine board and p laced into a 
cervical c ollar. I t i s i mportant t o n ote t hat c hildren h ave a  
larger head-to-body ratio and smaller chest size as compared 
to adults. Thus, use of a standard trauma backboard causes a 
child’s neck to be flexed. Proper immobilization of the pediat-
ric cervical spine requires either a pediatric backboard with a 
cut-out occipital recess or use of a mattress pad with an adult 
backboard i n o rder t o e levate t he c hild’s b ody a nd r emove 
the flexion moment p laced on t he neck (Figure 2 0.1.7). The 
entire s pine s hould b e pa lpated f or t enderness o r s tep-oἀs. 
Extremities should be examined for swelling, deformity, crepi-
tus, or tenderness. Refusal to bear weight after a fall or accident 
is a f requent sign of an injury in a young child. Radiographs 

should be obtained of all extremities with a suspected injury. 
Although s creening x-rays m ay b e o btained, pa rticularly i n 
a very small patient,  orthogonal views (AP and lateral) of an 
injured extremity should be obtained before definitive treat-
ment is planned.

In t he e mergency r oom, a f ractured e xtremity m ay b e 
immobilized with a well-padded splint for comfort and sta-
bilization. Patients w ith severe systemic a nd/or head i nju-
ries that will delay definitive fixation of femoral or unstable 
 pelvic fractures may be placed in Buck’s traction. If the delay 
is anticipated to be greater t han 24 hours skeletal  traction 
should be used as prolonged Buck’s traction can lead to skin 
breakdown [19].

Because fractures are rarely life-threatening, splinting gen-
erally su ffices a s i nitial o rthopaedic c are w hile t he pa tient’s 
overall c ondition i s s tabilized. A lthough t he i mportance o f 
timing f or f racture fixation i n a dult p olytrauma pa tients i s 
well recognized, there is l imited research regarding the t im-
ing of definitive orthopaedic surgery in the multiply injured 
child. I t h as b een s hown t hat e arly f racture fixation i n t he 
first 72 hours after injury in the pediatric polytrauma patient 
leads to shortened hospital stays, shortened intensive care unit 
stays, and shorter length of time with ventilator support [20]. 
Overall, w ith r egard t o su rgical t iming, r eliance on c linical 
judgment and eἀective communication between t he t rauma 
service, critical care service, orthopaedic surgery service, and 
the anesthesiology service is imperative.

Nonaccidental trauma

Nonaccidental trauma, or child abuse, is a serious cause of 
short- a nd long-term d isability a nd death i n t he p ediatric 

(a)

(b)

Figure 20.1.7 (a) Child on standard backboard resulting in 
flexion of the cervical spine. (b) Child on standard back-
board with mattress under body resulting in anatomic 
alignment of the cervical spine. (From Katherine M.S., 
and Scott R., General Concepts of Pedi Ortho Trauma, 
Pediatric Trauma, 2nd edition.)

(a)

(b)

(c)

Figure 20.1.6 Radiographs showing a proximal humerus 
fracture in a 9-year-old patient at: (a) initial injury, (b) 6 
weeks after injury, and (c) 9 months after injury. As dem-
onstrated, proximal humerus fractures in children have a 
significant potential to remodel.
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population. A buse i s s econd o nly t o su dden i nfant d eath 
syndrome a s a c ause o f m ortality i n i nfants 6 m onths t o 
1 year and second only to accidental injury in children over 
1 year of age [21,22]. Fractures are the second most  common 
presentation o f p hysical a buse a fter skin l esions [ 23] a nd 
approximately one-third of abused children are seen by an 
orthopedic surgeon [24]. Thus, it i s critically important to 
understand the risk factors and  musculoskeletal manifesta-
tions of nonaccidental injuries.

Demographic a nalysis has shown t hat children most at 
risk for maltreatment include first-born children, unplanned 
children, p remature i nfants, s tepchildren, a nd c hildren 
with special needs. In addition, lower socioeconomic status, 
single-parent h omes, d rug a busing pa rents, pa rents w ho 
were themselves abused, and unemployed parents have seen 
shown to be at increased risk [21,24]. The importance of rec-
ognizing child abuse has been well documented. It has been 
estimated that failure to diagnose an initial presentation of 
child a buse m ay r esult i n a 3 0%–50% c hance o f r epeated 
abuse and a 5%–10% chance of death in subsequent presen-
tations of nonaccidental trauma [22,24].

A thorough history should be taken and details of the his-
tory should be compared with the physical exam and imaging 
for d iscrepancies. It i s i mportant to determine i f t he mech-
anism of injury is adequate to explain the severity of injury 
[25]. Additionally, the described mechanism should be devel-
opmentally appropriate for the child, for example, a 2-month-
old child w ith a femur f racture who reportedly rolled oἀ of 
the bed. This is n ot a developmentally appropriate scenario 
as i nfants g enerally d o n ot b egin r olling u ntil 4 m onths o f 
age. There a re a lso c ertain f ractures a nd f racture pa tterns 
that should raise suspicion for  nonaccidental trauma. Femur 
fractures i n c hildren u nder t he a ge o f t hree, a nd pa rticu-
larly before walking age, are more likely to be nonaccidental. 
The American Academy of Orthopedic Surgeons currently 
recommends t hat c hildren y ounger t han 3 6 m onths w ith a  
diaphyseal femur f racture b e e valuated for child abuse [26]. 
Other fractures often associated with abuse are posterior rib 
fractures, metaphyseal  corner fractures, physeal separations, 
scapula fractures, sternal fractures, and spinous process frac-
tures ( Figure 2 0.1.8). A  skeletal su rvey i s r ecommended i n 
any child with suspected nonaccidental trauma. This includes 
AP x-ray of bilateral arms, bilateral forearms, bilateral hands, 
bilateral femurs, bilateral legs and bilateral feet with AP, and 
lateral views of the axial skeleton and skull. Multiple fractures 
in various stages of healing are almost pathognomonic of child 
abuse [ 27]. A d iἀerential d iagnosis i ncluding o steogenesis 
imperfecta, r ickets, c oagulation d isorders, c ongenital i nsen-
sitivity to pain, and leukemia should always be kept in mind 
and ruled out when nonaccidental trauma is suspected [28].

Compartment syndrome

Compartment syndrome occurs when the pressure within a 
myofascial compartment increases to the point where circu-
lation to the structures within that compartment is compro-
mised. This can result in muscle and nerve  ischemia, leading 

to p rofound d isability. I n a ddition t o l imb m orbidity, t he 
muscle damage can lead to rhabdomyolysis, hyperkalemia, 
and r enal f ailure i n s evere c ases. A lthough c ompartment 
syndrome is most commonly seen  following t rauma, w ith 
or without a n underlying fracture, it m ay a lso occur s ec-
ondary t o I V i nfiltration, c lotting  disorders, s epticemia, 
exertional rhabdomyloysis, and animal bites.

Timely d iagnosis a nd i ntervention of a n acute compart-
ment s yndrome i s i mperative i n p reventing p ermanent 
morbidity to a limb. Thus, an awareness of the signs of com-
partment s yndrome i s c rucial. The c lassic t eaching i n t he 
evaluation of a c ompartment syndrome is the five P’s: pain, 
paresthesia, pa ralysis, pa llor, a nd p ulselessness. The m ost 
important of these is pain, which is often described as pain 
out of proportion to examination, pain at rest, or pain with 
passive stretch of the muscle in the suspected compartment. 
Pallor and pulselessness are late signs of compartment syn-
drome and often do not occur until irreversible ischemia has 
occurred. I n c hildren, t hese s igns a re l ess r eliable a nd t he 
clinical exam can be difficult in an anxious, scared, nonver-
bal, or obtunded child. In a series from Boston published in 
2001, increasing analgesic requirements preceded the noted 
change in vascular status by an average of 7 h [29]. Therefore, 
it is important to evaluate any pediatric patient who is requir-
ing m ore f requent o r h igher d oses o f m edication f or pa in 

Figure 20.1.8 Subtle metaphyseal corner fracture (bucket 
handle-type fracture) of the distal tibia, just proximal to 
the physis (arrow). This is a fracture typical of child abuse.
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control, particularly if anxiety or agitation is present. In the 
pediatric population, the three A’s are now recommended for 
consideration of a compartment syndrome: increasing anxi-
ety, agitation, and analgesic requirement (Table 20.1.1) [30].

When e valuating a l imb for a s uspected c ompartment 
syndrome, a ny s plint o r c ircumferential d ressing s hould 
be completely removed and the entire limb assessed. Since 
the appearance o f s welling a nd t he e xaminer’s s ense o f 
“tightness” are unreliable, compartment pressure mea-
surement i s a n i mportant a djunct t o t he c linical e xam, 
particularly in patients who are obtunded or under general 
anesthesia. ἀ ere is no consensus for an absolute compart-
ment pressure measurement at which fasciotomies should 
be performed. Both 30 and 45 mmHg have been reported 
in the literature as thresholds for treatment. More recently, 
perfusion pressure h as a lso b een u sed t o d etermine t he 
need for treatment. A ∆ P (∆P= diastolic blood pressure—
compartment pressure) of less than 30 mmHg is generally 
considered an indication for fasciotomies [31]. It is impor-
tant t o n ote, h owever, t hat i ntraoperative d iastolic b lood 
pressure d ecreases w hile u nder g eneral a nesthesia a nd 
should b e taken i nto c onsideration. ἀ erefore, measuring 
compartment pressures intraoperatively may give a falsely 
low ∆P [32]. Overall, compartment pressure measurement 
should b e u sed i n c onjunction w ith t he p atient’s o verall 
clinical condition and the physician’s physical exam to aid 
in the diagnosis of compartment syndrome.

In t reatment o f c ompartment s yndrome o f t he l ower 
leg, a ll f our m yofascial c ompartments s hould b e r eleased: 
anterior, l ateral, s uperficial p osterior, a nd d eep p osterior. 
Although all can be released through a single lateral incision, 
a two-incision technique is generally recommended. In com-
partment s yndrome o f t he f orearm, t he f asciotomy s hould 

extend, via a c urvilinear skin incision, from the medial epi-
condyle to the distal edge of the carpal tunnel (Figure 20.1.9). 
Both superficial and deep muscle groups need to be decom-
pressed. ἀ e extensor compartment can be released through 
a s eparate d orsal i ncision i f n eeded. I n general, f asciotomy 
wounds should be left open until swelling has subsided.

Open fractures

Open f ractures m ake u p a pproximately 2 % o f a ll f ractures 
in c hildren a nd, i n s evere c ases, c an b e b oth l ife- a nd 
limb-threatening [33]. ἀ e g oals o f t reatment o f o pen f rac-
tures are to avoid infection, achieve soft tissue coverage and 
bony union, and restore function to the limb. In 1976, Gustilo 
and Anderson described a classification system for open frac-
tures that is still used today [34]. In addition to being descrip-
tive of open fractures, the Gustilo and Anderson classification 
aids in both treatment and prognosis of open fractures. Type I 
fractures are defined as having wounds <1 cm, type II with 
wounds b etween 1 a nd 10 c m, a nd t ype I II f ractures w ith 
wounds >10 cm. ἀ e type III fractures have been further sub-
divided into type A i f there is adequate soft tissue coverage, 
type B i f a s oft tissue procedure is necessary for wound clo-
sure, and type C if a vascular injury is present (Figure 20.1.10).

When a ssessing a ny w ound i n a t rauma p atient, i t i s 
important to determine if the wound is superficial or if it com-
municates with bone. A careful history should be taken with 
regard to the circumstances of an open fracture and whether 
or not  the fracture is contaminated with soil or other debris. 
ἀ e wound should be inspected for frank contamination and 
a thorough neurovascular exam should be performed. In the 
emergency d epartment the w ound should be s uperficially 
irrigated and obvious large debris removed. A clean dressing 
should be applied and the limb immobilized. Tetanus prophy-
laxis should be given along with appropriate IV antibiotics. A 
first generation cephalosporin is indicated in type I and type 
II open injuries. An aminoglycoside should be added for type 
III i njuries. H igh-dose p enicillin s hould b e a dded i n f arm-
related injuries when there is risk for Clostridial infection [35].

In g eneral, o pen f ractures s hould b e t reated w ith o pen 
surgical debridement. Even grade I o pen f ractures with pin 
hole wounds have a 2.5%–4% risk of infection if treated with 
antibiotics alone [36,37]. In the past, it was believed that 

Table 20.1.1 The three A’s of compartment syndrome in 
the pediatric population

Anxiety
Agitation
Increasing Analgesic requirement

(a)

(b)

Figure 20.1.9 (a) Volar forearm fasciotomy incision. 
(b) Dorsal forearm fasciotomy incision. (From Katherine 
M.S., and Scott R., General Concepts of Pedi Ortho 
Trauma, Pediatric Trauma, 2nd edition.)

B C
Type I Type II Type III

A

Figure 20.1.10 The Gustilo and Anderson classifica-
tion of open fractures. (From Katherine M.S., and Scott 
R., General Concepts of Pedi Ortho Trauma, Pediatric 
Trauma, 2nd edition.)
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debridement o f o pen f ractures s hould b e d one w ithin 6 h  
of i njury. However, recent s tudies have shown t hat su rgical 
debridement within 6 h after the injury oἀers little benefit 
over debridement within 24 h after the injury with regard to 
the prevention of acute infection [38]. Therefore, current rec-
ommendation is that open fractures are treated with surgical 
debridement within 24 h of injury. All dead or devitalized tis-
sue should be removed and the wound irrigated thoroughly. 
Bone ends should be inspected to ensure no foreign material 
has b een i mpacted i nto t hem. The w ound s hould o nly b e 
closed primarily if there is  confidence that no foreign mate-
rial or necrotic tissue remains. Repeat debridements are often 
necessary for g rossly contaminated wounds. Depending on 
the fracture type and degree of soft tissue injury the fracture 
may be stabilized by casting, external fixation, or internal fix-
ation. If a wound is located near a joint, it should be inspected 
thoroughly to determine if the joint capsule has been dis-
rupted, resulting in contamination of the joint. A saline load 
test may be used to diagnose a traumatic arthrotomy [39,40]. 
If t he j oint c apsule h as b een d isrupted, a f ormal su rgical 
arthrotomy and irrigation of the joint should be performed.

In type IIIB and IIIC open fractures, plastic surgery, and/
or v ascular su rgery s pecialization i s n eeded. D elayed c lo-
sure, skin grafting, local rotational flaps, or free flaps may be 
needed to achieve soft tissue coverage. Patients with an open 
fracture and vascular injury should be treated by a multidis-
ciplinary surgical team. Often external fixation can be used 
to stabilize the underlying fracture as vascular shunting or 
repair is performed.

Traumatic amputations and lawnmower 
injuries

Although r epresenting a s mall p ercentage o f p ediatric 
injuries, t raumatic a mputations c an l ead t o s ignificant 
long-term d isability. L oder s howed t hat l ower e xtremity 
traumatic a mputations w ere m ost c ommonly c aused b y 
lawnmower i njuries, f ollowed b y f arm m achinery i njuries 
and motor vehicle and motor–pedestrian collisions [41]. 
Recent data show an increasing incidence of firearm-related 
injuries leading to amputation [42].

Although preventable, lawnmower injuries continue 
to b e s een i n t he p ediatric t rauma p opulation. I t i s e sti-
mated that over 9000 injuries occur each year in the pedi-
atric population from power lawnmower accidents [43]. 
Lawnmower i njuries a re m ore c ommon i n b oys, m ore 
common in the spring and summer, and involve the lower 
extremities more often t han t he upper extremities [44,45]. 
Children i njured b y r iding  lawnmowers, c ompared w ith 
those i njured by push lawnmowers, a re generally younger 
and sustain more severe injuries [44] (Figure 20.1.11).

When f aced w ith a l awnmower i njury, t he principles o f 
open f racture management should be followed w ith urgent 
assessment followed by surgical debridement. Triple antibi-
otics should be administered in the emergency room, includ-
ing a c ephalosporin, a n a minoglycoside, a nd p enicillin. I n 

(a)

(b)

(c)

Figure 20.1.11 Lawnmower injury to right foot (a, b) and 
right wrist (c) of a 5-year-old boy.
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general, multiple debridements are needed to assure viable tis-
sue is present at all edges. Up to 47% of these injuries necessitate 
some level of amputation [44]. Coverage can be accomplished 
via delayed primary closure or skin grafting (Figure 20.1.12). 
Plastic su rgery s pecialization s hould b e o btained i f r equired 
for wound coverage and digit replantation if indicated.
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20.2
Pediatric Orthopedic Trauma: Spine and pelvis 
trauma

JACLYN F. HILL and ALYSIA K. ROBERTSON

General considerations in pediatric 
spine trauma

Pediatric s pine f ractures a re r are b ut c an b e d evastating 
injuries. ἀ ese injuries account for only 1%–2% of all pedi-
atric trauma admissions, but mortality rates are reported to 
be as high as 5%–41% [1–4]. ἀ e discrepancy between injury 
and m ortality r ate i s m ost l ikely a ttributed t o t he u nique 
anatomic c hallenges o f t he g rowing s pine a s w ell a s t he 
mechanism c ausing t hese i njuries t hat m ay r esult i n c on-
comitant injuries to other systems. Physician unfamiliarity 
with these injuries may also play a role. Although each child 
is u nique, t here a re common i njury patterns t hat must be 
recognized early and appropriately managed.

Cervical spine anatomy

ἀ e c ervical s pine i s d ivided i nto u pper ( base o f s kull 
[occiput], C1, and C2) and lower segments (C3–C7).

ἀ e atlas (C1) develops from three ossification centers:  the 
body a nd two n eural a rches or l ateral m asses t hat are c on-
nected b y s ynchondroses o r t emporary h yaline c artilage 
growth plates [5,6] (Figure 20.2.1a). ἀ e anterior arch (body) 
ossifies by 1 year. ἀ e posterior arch comprises the two lateral 
masses and fuses by the age of 3–4 years. By 7–8 years, the pos-
terior arch fuses to the anterior arch. Prior to fusion, these syn-
chondroses are v isualized on open mouth anterior–posterior 
(AP) x-rays and are often mistaken for fractures [5,6].

Similarly, t he a xis ( C2) i s f ormed f rom five o ssification 
centers: o ne b ody, t wo n eural a rches, a nd e ach h alf o f t he 
dens ( Figure 2 0.2.1b). ἀ e s ynchondrosis b etween t he d ens 
and body is often mistaken for a fracture on x-ray between the 
ages of 3 a nd 7 years [5,6]. On open mouth odontoid x-rays, 
the s ynchondrosis i s predictably c up shaped a nd b elow t he 
level of the surrounding lateral mass articular surface.

ἀ e l ower s egment ( C3–C7) i s f ormed f rom t hree 
 ossification centers: the body and two neural arches (Figure 
20.2.1c). ἀ e neural arches fuse posteriorly by 2–3 years and 
the body fuses to the neural arch by 3–6 years. ἀ e imma-
ture cervical vertebrae are wedge shaped with a horizontal 
facet joint orientation. During development, t he vertebrae 
enlarge t hrough a ppositional g rowth a t t he  superior a nd 
inferior e ndplates. ἀ e j unction b etween t he e ndplates i s 
more prone to fracture. At skeletal  maturity, the vertebrae 
have a m ore vertical f acet joint orientation (~70°) a nd a re 
less r esistant t o f racture. S imilarly, a round t he a ge o f 1 0 
years, t he c ervical v ertebrae d evelop u ncinate p rocesses 
resulting in increased rotatory stability [5–7].

Increased ligamentous laxity, underdeveloped neck mus-
culature, a nd r elatively l arge c raniums s ignificantly c on-
tribute t o c ervical s pine i nstability i n c hildren [3,4]. ἀ is 
allows t he C2–C3 a rticulation to act a s a f ulcrum leading 
to a pproximately 5 0% g reater flexion–extension m obility 
in a child less than 8 years old. As the child ages, the most 
mobile segments become more caudal. ἀ e immature cervi-
cal spine i s predisposed to forward t ranslation a nd i njury 
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because of the three major factors: large head-to-body ratio, 
ligamentous laxity, and orientation of facet joint.

Thoracolumbar spine anatomy

ἀ e caudal spine is composed of 12 thoracic and 5 l umbar 
vertebrae that are tethered together by intravertebral discs 
and s trong a nterior a nd p osterior l ongitudinal l igaments 
(Figure 20.2.2).

ἀ e p ediatric t horacic spine, w hich i s l inked to t he r ib 
cage, has smaller intervertebral d iscs, and facet joints that 
are shallower and more horizontally oriented in the coronal 
plane as compared to the adult spine. ἀ e lumbar spine has 
a larger canal with the spinal cord terminating in the conus 
medullaris at L3 in the newborn and moving more caudal 
with age. By age 8, the conus medullaris is near the first or 
second lumbar vertebrae [4,7].

Before t he a ge o f 8 , t he n ucleus p ulposus h as g reater 
water content and less collagen. ἀ is increases the elasticity 
and flexibility of the spine and the possibility of multilevel 
injury. Physeal c artilage i s weaker t han bone, a nd tension 
forces can result in Salter–Harris I fractures [7].

Epidemiology

ἀ e m echanism o f c ervical s pine i njuries v aries w idely. 
Children less than 8 years of age are prone to upper cer-
vical spine injuries from lower-energy mechanisms such 
as g round l evel f alls a nd c hild a buse. O lder a nd m ale 
children are more likely to present from higher-energy 
mechanisms i ncluding m otor v ehicle a ccidents, s ports 
injuries, a ll t errain v ehicle ( ATV), a nd b icycle i njuries. 
Although the most common presenting symptom is pain 
localized t o t he n eck r egion, h eadache, r educed n eck 
range of motion, subjective i nstability, a nd weakness a re 
also common symptoms. Neurologic injury is rare but all 
patients with distracting injuries or unclear exams should 
be  triaged a s h aving c ervical s pine i njuries u ntil p roven 
otherwise [1,2,5,6].

Injuries t o t he t horacolumbar s pine a re r are a nd m ost 
often present in older children (>8 years). Children who par-
ticipate in high-risk activities such as football, rugby, skiing, 
and ATV accidents are at r isk [7]. Motor vehicle collisions 
are a lso a c ommon c ause of spinal i njury [8]. Specifically, 
lap belts can cause intra-abdominal and thoracolumbar spi-
nal injury with a hyperflexion mechanism compressing the 
anterior s tructures a nd p osterior c olumn d istraction [ 9]. 
ἀ e thoracic vertebrae with surrounding ribs are inherently 

(a)

Atlas (CI), Superior View

(b)

Axis (C2), Anterior View

(c)

Cervical Vertebrae (C3), Superior View

Body

Body

Body

Neural arches

Neural arch

Neural arches

Ossiculum terminale
Dens

Neural arch

Figure 20.2.1 (a) The atlas (C1). (b) The axis (C2). (c) Cervical vertebrae (C3–C7). (Courtesy of Texas Children’s Hospital, 
Houston, Texas.)

ALL
PLL

LF

Figure 20.2.2 Sagittal view of the thoracolumbar spine. 
ALL: anterior longitudinal ligament, PLL: posterior longitu-
dinal ligament, LF: ligamentum flavum. (Courtesy of Texas 
Children’s Hospital, Houston, Texas.)
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more stable and less prone to injury. However, in children, 
these structures are not well developed. ἀ is increases t he 
risk for i ntra-abdominal a nd i ntrathoracic organ d amage. 
ἀ e most commonly present symptom is back pain that is 
identified w ith m idline tenderness in an awake and alert 
patient. N eurologic i njury c an o ccur w ith h igh-energy 
mechanisms and must be ruled out in every patient [7,10].

Evaluation

Evaluation of s pine i njuries s hould s tart w ith a n e valua-
tion o f t he pa tient’s a irway, c irculation, a nd b reathing. 
Pediatric p atients w ith s uspected s pine i njuries s hould 
have t heir neck a nd b ack immobilized d uring t he i ni-
tial e valuation [ 5,6]. A ppropriate i mmobilization p laces 
the head a nd neck region i n a n eutral position. Pediatric 
 backboards h ave o cciput c ut-outs o r a ppropriately s ized 
padding f or t he c hild’s a ge [ 6] ( Figure 2 0.2.3). A r igid 
 cervical c ollar s hould b e p laced a s s oon a s p ossible. 
ἀ e c ollar a nd  backboard p revent flexion a nd k yphosis 
through t he i njured s egment t hat m ay result i n progres-
sion of the injury.

After s afely i mmobilizing t he s pine, e xternal g arments 
should be removed and the entire spine should be palpated 
in the midline to assess for tenderness while the patient is 
carefully logrolled onto his or her side [3,6]. Approximately 
20% of patients with a cervical spine injury will have a con-
comitant lower cervical, thoracic, or lumbar spine fracture 
[3,6,11,12]. A n i n-depth n eurologic e xam s hould b e p er-
formed t o a ssess f or m uscle s trength, w eakness, p roprio-
ception, and reflexes [11,12]. ἀ e neurologic exam should be 
repeated and documented once the child is more alert and 
cooperative ( Table 2 0.2.1). A n a dequate ne urologic e xam 

should identify the level of injury based on the presence or 
absence of muscle weakness, a s ensory deficit, or loss of a 
reflex a rch. ἀ e motor s trength e xam i s g raded on a five-
point scale and recorded for each of the cervical and lumbar 
levels ( Table 2 0.2.2). S ensation i s g raded o n a t hree-point 
scale (Table 20.2.3). Sensory and motor examinations may 
be difficult depending on the age and alertness of the child, 
but should be attempted in a ll patients. Once a s pine frac-
ture o r i njury i s i dentified, t he o rthopaedic/neurosurgical 
service should be consulted for further management.

Figure 20.2.3 Young children can be immobilized on a 
modified backboard with either an occipital recess (less 
practical) or a mattress pad to raise the chest (more 
practical) (bottom). Top image shows a child improperly 
immobilized. (Courtesy of Texas Children’s Hospital, 
Houston, Texas.)

Table 20.2.1 Upper and lower extremity neurologic exam

Nerve root Muscle tested Motion Sensory Reflex
C5 Deltoid

Biceps
Shoulder abduction
Elbow flexion and wrist 

supination

Lateral upper arm Biceps

C6 Brachioradialis
ECRL

Wrist extension
Elbow flexion

Thumb and radial 
forearm

Brachioradialis

C7 Triceps
FCR

Elbow extension
Wrist flexion

Index, long, ring finger Triceps

C8 FDS Finger flexion Small finger None
T1 Interossei Finger abduction Medial elbow None
T4 Nipple
T10 Umbilicus
L2, L3 Iliopsoas

Hip abductors
Hip Flexion
Hip abduction

Iliac crest
Groin

Cremasteric

L3, L4 Quadriceps Knee extension Lateral thigh, anterior 
knee, medial leg

Patellar

L4, L5 Tibialis anterior Ankle forsiflexion Lateral leg, dorsal foot None
L5 Extensor hallicus longus Great toe extension First web space None
S1 Gastroc-soleus

Peroneal longus and brevis
Foot planar flexion
Foot eversion

Lateral foot
Posterior leg

Achilles

ECRL: extensor carpi radialis longus, FCR: flexor carpi radialis, FDS: flexor digitorum superficialis.
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Imaging

Plain r adiographic e valuation i s t he g old s tandard f or t he 
initial e valuation o f su spected s pine i njuries i n c hildren. 
Routine use of radiographic evaluation for all trauma patients 
is not indicated, but patients with midline tenderness, local-
ized pa in, d istracting i njuries, n eurologic d efects, v isible 
evidence o f t rauma, o r a ltered l evels o f c onsciousness m ay 
benefit from radiographic evaluation. ἀ e initial x-ray series 
should include at least an anterior-posterior (AP) and lateral 
views of the cervical spine. If the patient is cooperative and 
stable, then an open mouth odontoid view should be obtained 
(Figure 20.2.4). Flexion–extension views may be obtained to 
identify l igamentous i njuries i n a wake, a lert, a nd c oopera-
tive patients. However, they are rarely indicated in the acute 
trauma setting and are typically ordered at follow-up vis-
its  [11]. I f a c oncurrent t horacolumbar i njury i s su spected 
then AP and lateral x-rays of the thoracic and lumbar spine 
are recommended.

AP x-rays should always be evaluated for fracture and sym-
metry of pedicles. In the cervical spine, open mouth odontoid 
views should be reviewed for fracture and status of closure of 
synchondrosis. Lateral C-spine x-rays should be systematically 
reviewed for s ymmetry of t he a nterior a nd p osterior a spect 
of t he v ertebral b odies, s ymmetry o f i nterspinous d istance, 
congruity o f s pinolaminar ( Swischuck’s) l ine, a tlanto-dens 
interval (ADI), a nd s pace a vailable f or c ord (SAC) ( Figures 
20.2.5 a nd 20.2.6). O ther n ormal findings o n l ateral x -rays 
include retropharyngeal space less than 6 mm at C3 and less 
than 14 mm at C6, and retrotracheal space of less than 14 mm. 
Vertebral wedging may be normal until age 7–8 years [5,6,11].

Pseudosubluxation i s a n ormal r adiographic finding 
in p ediatric pa tients. I t i s d efined a s l ess t han 3 m m o f 
anterior displacement of a vertebral body on adjacent ver-
tebrae. ἀ is subluxation most commonly occurs at C2–C3 
or C3–C4 but should reduce on extension lateral x-rays. 

Table 20.2.2 American Spinal Injury Association Motor 
Impairment Scale

Motor grading system
Paralysis 0
Palpable or visible contraction 1
Full range of motion with gravity eliminated 2
Full range motion against gravity 3
Full range of motion with some, but not full, 

resistance
4

Full range of motion against normal resistance 5

Table 20.2.3  American Spinal Injury Association Sensory 
Impairment Scale

Sensory grading system

Absent sensation 0
Impaired sensation 1
Normal sensation 2
Not testable NT

(a)

(b)

(c)

Figure 20.2.4 C-spine trauma series in a 13-year-old male. 
(a) AP. (b) Lateral mouth view. (c) Open mouth view. 
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Congruity of the posterior e lements (Swischuk L ine a nd 
less t han 10 m m of spinous process w idening) w ill con-
firm that the radiographic findings are representative of a 
pseudosubluxation and not a true subluxation [1,3–7,10].

Advanced imaging

ἀ e role o f m agnetic resonance i maging (MRI) a nd c om-
puted t omography ( CT) s cans i n c hildren i s n ot c learly 
defined. C T s cans a re m ost c ommonly u sed f or su rgical 
planning a nd c lassification o f f ractures first i dentified o n 
x-ray. MRI i s utilized i n t he acute setting to r ule out l iga-
mentous or spinal cord injury when an injury is not clearly 
identified by x-ray [11,12].

Upper cervical spine injuries

Occipital c ondyle f ractures a re e xceedingly r are f ractures 
in children and typically result from a h igher energy axial 
load injury or direct blow (Figure 20.2.7). Most commonly, 
these patients present with persistent neck pain and torti-
collis and normal x-rays. Often concomitant cranial nerve 
injuries (most c ommonly C N I X a nd X II) a re p resent. I n 
the s etting of negative x-rays, advanced i maging w ill help 
identify the correct fracture pattern. Stable (type 1 and non-
displaced type 2) injuries may be treated in a cervical ortho-
sis. Displaced t ype 2 o r t ype 3 f ractures may require halo 
immobilization or occipitocervical arthrodesis [11,13].

1 2 3 4

C2

C7

Figure 20.2.5 Normal linear relationships of the 
lateral cervical spine (1) Anterior vertebral bone 
line. (2) Posterior vertebral line. (3) Spinolaminar line. 
(4) Spinous processes. (Courtesy of Texas Children’s 
Hospital, Houston, Texas.)

ADI SAC

Figure 20.2.6 Upper cervical spine and occiput (C1–C3). 
ADI: Atlantodens interval; SAC: space available for the 
cord. Atlantoaxial instability should be suspected with an 
ADI >5 mm. If ADI ≥ 10–12 mm, cord compression occurs 
as a result of small SAC. (Courtesy of Texas Children’s 
Hospital, Houston, Texas.)

C1

Occiput

C2

(a)

(b)

(c)

Figure 20.2.7 Illustrations of occipital condyle fracture 
patterns. (a) Type 1, comminuted impaction fracture. 
(b) Type 2, condyle fracture with associated basilar skull 
fracture. (c) Type 3, avulsion of the alar ligament attach-
ment. (Courtesy of Texas Children’s Hospital, Houston, 
Texas.)
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Atlas (Jefferson) fractures a re c aused by an axial load 
injury and result in disruption of the stability of the C1 ring 
(Figure 20.2.8). Patients often present with history of axial 
compression or hyperextension i njury a nd neck pa in. ἀ e 
fracture can be identified on AP x-ray or axial CT  imaging. 
Stable i njuries (<7 m m o f l ateral m ass w idening) m ay b e 
treated in rigid cervical orthosis or halo [1,12,13]. Unstable 
injuries m ay r equire h alo b race o r o cciput t o C 1 o r C 2 
fusion [11,14].

Axis ( odontoid) f ractures a re o ne o f t he m ost c om-
mon pediatric spine fractures. ἀ ey result from a sud-
den d eceleration f orce l ike t hose e ncountered i n a m otor 
vehicle or s ports i njury. Patients o ften present w ith a h is-
tory of head t rauma (both high and low energy) w ith cer-
vical pa in. Fractures of t he dens can be c lassified by open 

mouth odontoid x-rays or coronal CT scans (Figure 20.2.9). 
Odontoid f ractures a re i nherently s table d ue t o a n i ntact 
periosteal s leeve. Treatment i ncludes i mmobilization i n a 
halo or minerva brace for 3 months [4,15,16].

A hangman’s fracture is a b ilateral anterior subluxation 
of C 2 o n C 3 ( traumatic s pondylolisthesis) f rom f orced 
hyperextension most commonly f rom t he weight of a d is-
proportionately l arge h ead i n c hildren l ess t han 2 y ears 
old. Treatment includes immobilization in a h ard cervical 
orthosis, halo, or minerva cast (Figure 20.2.10) [4,17]

Atlantoaxial rotatory displacement (AARD) is a term that 
refers to a su bluxation of the atlantoaxial articulation. ἀ e 
subluxation can be the result of trauma or more commonly 
infection suc h as u pper respiratory t ract infection (Grisel 
syndrome) o r retropharyngeal a bscesses. Inflammation 

Jefferson fracture Lateral mass fracture

Anterior

Posterior

Bony avulson
transverse ligament

Midsub transverse
ligament tear

Figure 20.2.8 Atlas fractures. (Courtesy of Texas Children’s Hospital, Houston, Texas.)

Type IIType I Type III

Figure 20.2.9 Axis fractures, types I–III. (Courtesy of Texas Children’s Hospital, Houston, Texas.)
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from t onsillectomy o r p haryngoplasty m ay a lso r esult i n 
subluxation. Patients often present with symptoms of neck 
pain, h eadache, a nd r otation o f t he h ead d ue t o s trong 
spasm of t he s ternocleidomastoid muscle ( Figure 2 0.2.11). 
Asymmetry o f t he l ateral m asses c an b e a ppreciated o n 
open m outh o dontoid x -rays, a nd c oronal a nd a xial C T 
images a nd a re c lassified based on t he a mount of a ngula-
tion and displacement. Treatment depends on the underly-
ing cause of the AARD and duration of symptoms. Acute 
cases can often be successfully treated with a cervical collar, 
while long standing cases may require surgery [18–20].

Subaxial cervical spine injuries

Subaxial cervical spine fractures are more common among 
older children and teenagers. ἀ e age of the patient, mecha-
nism of injury, presence of neurologic injury, and stability 
of the resultant fracture are the main principles that guide 
management. ἀ e s oft metaphyseal-like b one b etween t he 

(a) (b)

(c) (d)

Figure 20.2.10 Example of a patient with a hangman’s fracture. (a) Clinical image. (b) Injury x-rays. (c) Injury CT scan. 
(d) X-ray after closed reduction and halo application. (Courtesy of Dr. John P. Dormans, Texas Children’s Hospital.)

A Type I B Type II

C Type III D Type IV

Anterior

Posterior

Figure 20.2.11 Atlantoaxial rotatory displacement classifi-
cation, types I–IV. (Courtesy of Texas Children’s Hospital, 
Houston, Texas.)
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cartilaginous e ndplates a nd v ertebral b ody i s a c ommon 
site for f racture and is unique to t he growing spine. As in 
the adult spine, t he most commonly i njured segments a re 
at C5–C7 [5,21].

Compression fractures occur after an axial compression 
and flexion loading high-energy trauma. Lateral x-rays will 
reveal loss of height in the anterior 2/3 of the vertebral body 
with p reservation o f t he p osterior w all. A P x-rays s hould 
be i nspected for s ymmetry a nd c ongruity o f t he p edicles. 
A CT scan will confirm integrity of the posterior wall. 
Compression f ractures m ay b e t reated i n a r igid c ervical 
collar [5,22,23] (Figure 20.2.12).

Burst fractures occur in older children most commonly 
after an axial load injury from high-energy trauma. Lateral 
x-rays will reveal loss of height of the entire vertebral body 
with o r w ithout r etropulsion o f b ody i nto t he c anal. A P 
x-rays w ill identify asymmetry of t he pedicles a nd w iden-
ing of t he i nterpedicular d istance relative to t he vertebral 
levels a bove a nd b elow t he i njury. L ateral C T r econstruc-
tions c an h elp c haracterize r etropulsion o f t he f ragments 
and identify canal compromise in greater detail. Neurologic 
injury may occur w ith spinal cord impingement f rom ret-
ropulsed f ragments. Treatment depends on the stability of 
fracture and amount of canal compromise. Stable fractures 
without c anal comprise may be t reated w ith halo t raction 
[1]. U nstable f ractures m ay r equire a nterior a rthrodesis 
[5,22,23].

Unilateral a nd bilateral f acet d islocations of t he subax-
ial spine are more common injuries among older children 
and adolescents resulting from a high-energy flexion-
distraction force. Perching or asymmetry of facets on AP 
x-ray, l ateral x-ray, or CT i maging f rom t he adjacent level 
facet j oints a re d iagnostic o f a su bluxated o r d islocated 
facet joint (Figure 20.2.13). Neurologic injury may suggest 
an entrapped d isc a nd may need to b e e valuated by M RI. 
Unilateral su bluxations a re m ore s table a nd, i n a n a wake 
and alert patient, may be closed reduced by an experienced 

BurstCompression

Figure 20.2.12 Illustration of compression versus burst 
fracture. In a compression fracture, the anterior body 
is shortened while the posterior column remains at full 
height versus in a burst fracture, the entire body loses 
height. (Courtesy of Texas Children’s Hospital, Houston, 
Texas.)

(a)

(b)

Figure 20.2.13 Clinical example of C4–C5 fracture 
dislocation. (a) Injury x-ray. (b) X-ray after reduction and 
posterior fusion. (Courtesy of Dr. John P. Dormans, Texas 
Children’s Hospital.)
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spine surgeon. Bilateral dislocations are inherently unstable 
and prone to neurologic injury. A c losed reduction should 
only be attempted in an awake and alert patient by an expe-
rienced spine surgeon. Prereduction MRI may be necessary 
to rule out an entrapped disc in the obtunded patient. Often 
subluxations a nd d islocations c annot b e c losed r educed 
and r equire a n o pen r eduction w ith p osterior a rthrodesis 
[5,22–24].

Thoracolumbar spine injuries

Compression f ractures a nd b urst f ractures a re s imilar t o 
those in t he subaxial cervical spine. In t he t horacic spine, 
compression fractures are inherently stable and can largely 
be t reated w ith bracing. Fractures of t he lumbar s pine do 
not have t he s tability of t he su rrounding r ib c age a nd a re 
prone to more i nstability [7]. Treatment of burst f ractures 
depends o n t heir s tability. F ractures w ithout k yphotic 
wedging o r n eurologic i njury, m inimal l oss o f v ertebral 
height, a nd i ntact p osterior e lements a re d eemed s table 
[7,25]. Stable fractures may be treated with an extension cast 
or thoracic lumbar sacral orthosis [7,25,26]. Unstable frac-
tures may require arthrodesis.

Chance fractures result from a flexion-distraction injury 
pattern, often f rom a s eat belt injury. I f t here is a s eat belt 
mark o n t he a bdomen, t here n eeds t o b e a h igh l evel o f 
suspicion f or a ssociated w ith i ntra-abdominal  injuries 
(Figure  20.2.14). ἀ ese i njuries m ay b e  challenging t o 
inexperienced p ractitioners a s t he f orce m ay b e t ransmit-
ted t hrough t he p osterior j oint c apsule a nd  ligaments o r 
through the bony vertebral e lements. Bony  fractures have 
a higher union rate and may be treated in a  hyperextension 
cast (<10 years old) or orthosis in older children. ἀ e higher 
degree of l igamentous involvement requires arthrodesis of 
the unstable spinal segment [7,27].

A l imbus f racture is a f racture t hrough t he hypertro-
phic z one s eparating t he v ertebral a pophysis f rom t he 
spongiosa l ayer o f t he v ertebral b ody ( Figure 2 0.2.15). 
Similar to a disc herniation in an adult, the apophysis her-
niates into the canal or neural foramen. Patients present 
with r adicular b ack pa in a nd n umbness o r w eakness o f 
the lower legs. ἀ ese f ractures a re often missed on x-ray 
and a re b etter c haracterized b y M RI t o d etermine t he 
location a nd s ize of t he herniation. Surgical decompres-
sion is limited to those patients with neurologic compro-
mise. Nonsteroidal a nti-inflammatory d rugs (N SAIDs) 
and i mmobilization i n a t horacolumbosacral o rthosis 
(TLSO) brace a re u sed to t reat l imbus f ractures w ithout 
neurologic injury [7,28].

Spinous and transverse process fractures are usually the 
result of blunt trauma and in rare cases may be associated 
with v isceral i njury. L ower l umbar s pinous p rocess f rac-
tures may occur in association with pelvic injuries and may 
require a d etailed t rauma evaluation. Fractures t hat occur 
in isolation are stable and should be treated with pain con-
trol and activity as tolerated [7].

Figure 20.2.14 Chance fracture. Flexion distraction injury 
through L2. 

Figure 20.2.15 Chance fracture. On this anteroposterior 
view, note the disruption of the pedicles of L2 and the 
widening of the interspinous distance between L2 and L3.
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Spinal cord injury without radiographic 
abnormality (SCIWORA)

Spinal c ord i njury w ithout r adiographic a bnormalities 
(SCIWORA) is defined as an injury resulting in a neurologic 
deficit with normal radiographs or CT scan and is unique 
to children. It is attributed to a flexion or distraction injury 
through the vertebral disc space. MRI evaluation will reveal 
hemorrhage a nd e dema within the c ord ( Figure 20.2.16). 
ἀ e incidence ranges from 5% to 67% and is most common 
in children less than 8 years old. Patients may initially pres-
ent w ith t ransient pa resthesias or subjective pa ralysis a nd 
should be immediately immobilized to prevent progression 
of their injury or deterioration of their neurologic function. 
In patients with an abnormal neurologic exam, but normal 
radiographs a nd C T s can, a n M RI s hould b e o btained t o 
evaluate for SCIWORA [7,29] (Figure 20.2.17).

Pediatric pelvic fractures

General considerations

ἀ e p elvic r ing i s f ormed f rom t he f usion o f t hree 
major ossification c enters: t he ilium, ischium, a nd pubis 
(Figure 20.2.18). By the age of 7 years, the pubis and ischium 
fuse to form the inferior pubic rami. Between the age of 13 
and 16 years, the three ossification centers fuse through the 
triradiate c artilage. S econdary o ssification c enters e xist a t 
the iliac crest, ischial apophysis, anterior inferior iliac spine, 
pubic tubercle, ischial spine, and lateral wing of the sacrum. 
ἀ e t ime to c losure varies, but ranges f rom 13 to 25 y ears 
on average. Muscular attachments at each site are prone to 
avulsion fractures due to weak cartilaginous attachment to 
underlying bone [30,31] (Figure 20.2.19).

Pediatric b one h as a h igh m odulus o f e lasticity a nd 
resists deformation more than the surrounding cartilage 
[32]. ἀ erefore p elvic f ractures a re a m arker f or h igh-
energy t rauma a nd should prompt c linicians to look for 
intra-abdominal, genitourinary, t horacic, and head inju-
ries [30–32]. Evaluation of pelvic ring fractures should 
start with an evaluation of the patient’s airway, circulation, 
and breathing. A neurologic exam should be documented 
on a rrival a nd s hould a ssess f or m uscle s trength, w eak-
ness, p roprioception, a nd r eflexes. ἀ e e xam s hould b e 
repeated a nd d ocumented once t he c hild b ecomes m ore 
cooperative. A c areful g enitourinary e xam s hould b e 
performed t o e valuate for b ladder a nd u rethral i njuries. 

Ischium

Pubis

Ilium

Figure 20.2.18 Immature pelvis with ossification centers. 
(Courtesy of Texas Children’s Hospital, Houston, Texas.)

Normal lumbar vertebra Lumbar vertebra with limbus fracture

Limbus fracture,
type I

Figure 20.2.16 Type I limbus fracture. (Courtesy of Texas 
Children’s Hospital, Houston, Texas.)

Figure 20.2.17 MRI example of spinal cord injury with-
out radiographic abnormality (SCIWORA). (Courtesy of 
Dr. John P. Dormans, Texas Children’s Hospital.)
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Children w ith p elvic f ractures s hould a lso b e e valuated 
for rectal and vaginal lacerations.

Exsanguination associated with pediatric high-energy 
pelvic f ractures i s r are c ompared t o a dults [33]. ἀ is  may 
be s econdary t o t he v asoconstrictive r esponse i n y ounger 
nonatherosclerotic b lood v essels [ 34]. I n 9 0% o f pa tients 
with u nstable f racture pa tterns w ith p ersistent h ypoten-
sion despite adequate resuscitation, bleeding is v enous 
and not helped by arteriography. In these injuries, a p elvic 
binder u sed t o r educe p elvic v olume m ay t amponade 
bleeding and eliminate or delay the need for surgery [35].

Imaging

Plain r adiographs a re t he b est i nitial a ssessment o f p el-
vic f ractures. S tandard v iews i nclude A P a nd f rog l ateral 
views of the pelvis that include the bilateral hips. Single hip 
x-rays are not useful in acute trauma as the uninjured con-
tralateral side may be used for comparison. Displacement 
of  fractures c an b e f urther d efined u sing i nlet a nd o utlet 
views. Judet v iews are used to identify f racture of the ace-
tabulum [30–32].

CT s cans a ssist i n t he c lassification o f f ractures a nd 
injury pattern. A CT scan may be particularly helpful when 
assessing t he displacement o f fractures a nd congruity o f 
sacroiliac j oint, s acrum, o r a cetabulum. M RI h as l imited 
use in the acute pelvic fracture setting.

Specific pelvic injuries

Stable pelvic fracture patterns

In general, because of the higher modulus of elasticity of the 
pediatric pelvis, the incidence of ligamentous injury is more 
common than fractures [21–23,36].

Diastasis o f t he p ubic s ymphysis o r s acroiliac j oints 
is m ore c ommon i n c hildren w ith o pen t riradiate c arti-
lage (Figure 20.2.20). However, although rare, neurologic 

Adductor magnus
muscle

Hamstring muscle

Rectus femoris
muscle

Sartorius
muscle

Figure 20.2.19 Illustration of major muscular attachments 
to bony pelvis. (Courtesy of Texas Children’s Hospital, 
Houston, Texas.)

(a)

(b)

Figure 20.2.20 CT scan of a 15-year-old status post a 
motor vehicle collision with right sacroiliac joint widening. 
(a) axial image. (b) coronal image.
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injury must be r uled out w ith particular attention to t he 
L5 a nd S 1 d istributions. ἀ ese f ractures c an b e e valu-
ated by inlet a nd outlet x-rays a nd CT scan for asymme-
try. Treatment i s t ypically protected weight bearing w ith 
crutches [32].

Avulsion f ractures a re t he r esult o f f orceful c oncentric 
or e ccentric c ontractions o f a ttached m uscles, m ost c om-
monly i n adolescent athletes. ἀ e most common sites a nd 
associated a vulsed m uscles i nclude a nterior su perior i liac 
spine—sartorius, a nterior i nferior i liac spine—direct head 
of r ectus f emorus, a nd i schial t uberosity—hamstring/
adductors (Figure 20.2.21). AP and frog lateral x-rays of the 
pelvis are diagnostic. Treatment includes protective weight 
bearing with crutches for minimally displaced (<2 cm) avul-
sion f ractures [32]. A lthough controversial, indications for 
surgical t reatment i nclude a cute f ractures d isplaced m ore 
than 2 cm, persistently symptomatic, or chronically painful 
fractures [37].

Isolated p ubic r ami o r i liac w ing ( Duverney) f ractures 
are a ssociated w ith h igh-energy m echanisms a nd s hould 
prompt a thorough evaluation for other pelvic and visceral 
injuries (Figure 20.2.22). AP and frog lateral x-rays should 
be obtained during initial evaluation. A CT scan can be used 
to rule out concomitant ring injuries. Isolated fractures may 
be treated with progressive weight bearing with crutches as 
tolerated and pain control [32].

Unstable pelvic fractures

Unstable pelvis fractures are characterized by a break of the 
pelvic ring in two or more places [30–32].

Bilateral s uperior and inferior pubic rami (straddle) 
fractures r esult i n a c omplete d isruption o f t he a nterior 
ring and can be associated with urethral or bladder injury. 
Inlet and outlet x-rays demonstrate superior displacement 
of the floating segment. Treatment is bed rest in a su pine 
position w ith t he h ips flexed ( semi-Fowler p osition) t o 
relax the abdominal muscles and reduce the floating seg-
ment [30].

Disruption o f t he a nterior a nd p osterior r ing o ccurs 
when there is a fracture through the bony pelvis, sacroiliac 
joints, or the pubic symphysis that results in displacement of 
the hemipelvis (Figure 20.2.23). Evaluation should include 
assessment o f l eg l ength d iscrepancy a nd n eurologic s ta-
tus. I nlet a nd o utlet x-rays a nd C T s can d emonstrate t he 
fracture pa ttern a nd p elvic d isplacement. H emorrhage, 
intra-abdominal, or retroperitoneal injuries are uncommon 
but c an o ccur. I n r are c ases o perative s tabilization w ith 
an e xternal fixator o r i nternal fixation m ay b e n ecessary 
[30,32].

Acetabular f ractures a re r are i n c hildren b ut o ccur 
as r esult o f a h igh-energy f orce t ransmitted t hrough t he 
 femoral h ead i nto t he p elvis. F ractures s hould b e e valu-
ated w ith p elvic x -rays i ncluding J udet v iews a nd a C T 
scan. S table a cetabular f ractures a re s mall ( <1 m m o f 
 displacement) a nd d o n ot e xtend t o t he w eight-bearing 

portion o f t he p elvis ( Figure 2 0.2.24). S table f ractures 
can  be t reated w ith r estricted w eight b earing a nd c rutch 
ambulation [32]. Unstable fractures are larger (>2 mm dis-
placement) a nd are usually associated w ith subluxation or 
dislocation of the hip. Unstable fractures should be placed 
in temporary external traction and evaluated for definitive 
fixation [31].

Figure 20.2.21 X-ray of a 15-year-old boy who sustained 
a left anterior superior iliac spine avulsion fracture while 
playing basketball.

Poratable
Trauma

Figure 20.2.22 X-ray of an 8-year-old girl with left supe-
rior and inferior pubic rami fractures sustained in a motor 
vehicle collision.
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(a)

Scout

(b)

(c) (d)

(e)

Figure 20.2.23 A 13-year-old male who sustained an unstable pelvic fracture after falling off a play structure from 30 ft. 
(a) Injury pelvic x-ray. (b–d). Injury CT scans demonstrating anterior and posterior pelvic widening. (e) Postreduction and 
fixation x-ray.
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20.3
Pediatric Orthopedic Trauma: Upper Extremity 
Fractures

VINITHA R. SHENAVA and MEGAN M. MAY

Introduction

Injuries in the skeletally immature patient represent a m ajor 
public health challenge as this impacts both the patient and 
the patient’s family. ἀ e incidence of pediatric trauma in the 
United S tates a ppears t o b e i ncreasing. ἀ e m ost c ommon 
causes o f m usculoskeletal i njury a re s ports o r re creational 
activities, m otor v ehicle ac cidents, n onaccidental i njuries 
(abuse), and occasionally gunshot and firearm injuries. Sports 
and recreational injuries contribute the most to musculoskele-
tal trauma and the incidence of these injuries is increasing due 
to greater youth participation. Younger children are becom-
ing involved in organized athletic activities and are partici-
pating in these activities year round. In addition, recreational 
activities such as skateboarding and bicycling have changed 
to more extreme activities with higher speeds and stunts [1].

Clavicle

ἀ e c lavicle i s a n S -shaped b one t hat a rticulates w ith t he 
sternum medially and the scapula at the acromion process 
laterally. Clavicle fractures are the most frequent childhood 
fracture [ 2]. E ighty-five p ercent o f t hese f ractures o ccur 

in t he s haft. ἀ e m ajority c an b e t reated w ith a s ling f or 
2–3 weeks. C lavicle f ractures d ue t o h igh-energy t rauma 
may r esult i n m ore c omminuted f ractures a nd f ractures 
with greater displacement (Figure 20.3.1a). ἀ is could pose 
potential injury to surrounding structures such as the bra-
chial plexus, neighboring vessels, o r a pex o f t he l ung. In 
the rare circumstance of an open fracture or an impending 
open fracture with tenting of the skin it is reasonable to per-
form an open reduction and internal fixation of the fracture 
(Figure 20.3.1b).

Distal clavicle fractures account for 10% of clavicle frac-
tures [3]. As the distal clavicle epiphysis does not ossify until 
the teenage years t his can be mistaken for a n acromiocla-
vicular (AC) j oint i njury. However, b ecause t he p eriosteal 
sleeve surrounding the distal clavicle is so thick this injury 
can usually be treated with a sling.

Medial clavicular fractures and pseudo-sternoclavicular 
joint d islocations a ccount f or 5 % o f c lavicle f ractures [4]. 
ἀ is is usually the result of a direct blow. With anterior dis-
placement t here i s u sually a n o bvious p rominence i n t he 
area. Posterior displacement can be associated with respira-
tory distress, dysphagia, dysphonia, or distended neck veins 
from c ompression o f t he t rachea, e sophagus, r ecurrent 
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laryngeal nerve, or great vessels. CT scan is the most useful 
imaging m odality. A nteriorly d isplaced f ractures a re u su-
ally m anaged w ith a s ling. P osteriorly d isplaced f ractures 
resulting in respiratory distress can be life-threatening and 
require operative treatment with a t horacic or cardiac sur-
geon available for potential assistance.

AC joint injury

A t rue i njury t o t he AC j oint i s r are i n c hildren a s t he 
clavicle i s t he l ast b one t o o ssify. ἀ is t ypically r esults 
from a b low o r a f all o n t he p oint o f t he s houlder. 
Treatment i s a s ling f or 2 –3 w eeks. O perative t reatment 
is considered in AC injuries associated w ith scapulotho-
racic d islocation, i njuries i n w hich t he c lavicle b ecomes 
subcutaneous and has buttonholed through the trapezius 
or open fractures.

Scapular body fractures

Fractures o f t he s capula a re r are a nd o ccur a s a r esult o f 
high-energy trauma. Due to surrounding musculature, clin-
ical deformity is rarely evident. X-rays and CT are useful in 

determining the extent of injury. ἀ ere is often significant 
injury to the underlying chest. Once the patient is stable this 
fracture can be treated with a sling for 2–3 weeks.

Scapulothoracic dislocation

ἀ is i s a n extremely r are i njury a nd has been reported i n 
two children—one aged 8 and another 11 years old [5]. ἀ is 
can be diagnosed on an AP chest x-ray in which asymmetry 
of t he shoulder g irdle w ill be noted w ith t he a ffected s ide 
being laterally displaced. ἀ is injury is also associated with 
injury to the brachial plexus, vascular structures, and chest 
wall. O perative t reatment i nvolves r epair o f t he d etached 
suspensory muscles and stabilization of the scapula articu-
lation with the clavicle.

Glenohumeral joint dislocation

ἀ e s houlder j oint h as t he m ost f reedom o f m ovement 
compared to all other joints and this is what predisposes 
it to dislocation. In young children, a traumatic injury 
to t he s houlder w ill m ore c ommonly r esult i n a f racture 
involving the proximal humeral physis as this is the weak-
est l ink i n t he g lenohumeral a rticulation. I n a dolescents, 
the physis begins to close and strengthen so glenohumeral 
 dislocations o ccur. D islocations a re b ased o n t he d irec-
tion of the humeral head relative to the glenoid. Eighty-five 
percent of shoulder dislocations are anterior (Figure 20.3.2a 
and b) and result f rom a force on the outstretched h and 
with the s houlder i n a bduction, e xternal rotation, and 
elevation. P osterior d islocations a re r are a nd a re a ssoci-
ated w ith s eizures o r e lectrocution, w hich r esult i n o ver-
activity of the internal rotators which lever the humeral 
head  posteriorly [ 6]. D islocations a re t reated b y p rompt 
reduction. Following reduction patients are treated with a 
sling for 3 weeks. Anterior should dislocations have a high 
risk for recurrence, so arthroscopic or open stabilization is 
often considered in adolescent athletes.

Proximal humerus fractures

ἀ e proximal humeral p hysis c ontributes 8 0% o f t he l on-
gitudinal growth of the humerus and thus fractures in this 
location h ave t remendous r emodeling p otential [ 7]. ἀ e 
majority o f t hese a re S alter–Harris ( SH) I o r I I f ractures 
(Figure 20.3.3). In children 12 years of age or less, the treat-
ment of choice is a s ling. For older children who have less 
growth remaining and thus ability to remodel the fracture, 
operative treatment with closed reduction, and percutane-
ous pinning or open reduction are considerations [8].

Humeral shaft fractures

Fractures o f t he h umeral s haft account f or 2 %–5% o f a ll 
fractures i n c hildren [9]. D irect t rauma t o t he a rm i s t he 
most c ommon m echanism. I solated c losed h umeral s haft 

(a)

(b)

Figure 20.3.1 (a) AP chest x-ray reveals a comminuted 
open clavicle fracture in a 15-year-old trauma patient. 
(b) This patient was treated with surgery due to the 
severe displacement and large segmental fragment.
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fractures a re t ypically m anaged b y a c oaptation s plint 
or a p refabricated s plint. R are i ndications f or o perative 
treatment a re op en f ractures t hat re quire i rrigation a nd 

debridement, f ractures a ssociated w ith a v ascular i njury, 
and polytrauma patients in which operative stabilization of 
the fracture allows easier nursing care of the patient, greater 
ease in mobilizing t he patient, and early f unctional use of 
the extremity.

Humeral shaft fractures, specifically fractures in the dis-
tal third of the shaft, can have associated radial nerve inju-
ries (Figure 20.3.4). ἀ ese are typically traction injuries and 
should be observed for 4 months. However, if upon presen-
tation, the radial nerve function is intact, but the function is 
lost after closed reduction, the nerve should be explored as 
it can be entrapped at the fracture site [10].

Fractures and dislocations about 
the elbow

Fractures a bout t he e lbow o ccur m ore o ften i n t he s kel-
etally immature t han t hey do in adults. ἀ e collateral c ir-
culation a bout t he e lbow i s a bundant a nd o ften t imes i s 
sufficient to m aintain a dequate c irculation to t he forearm 
and hand even if the main blood supply from the brachial 
artery is interrupted. Due to the many ossification centers 
about t he e lbow, i t i s e asy t o m isinterpret e lbow r adio-
graphs and comparison x-rays can be useful to a ide in the 
diagnosis of f racture. W hen evaluating radiographs of t he 
elbow, subtle findings of fracture can be the appearance of 
the a nterior a nd posterior fat pads (Figure 2 0.3.5a a nd b). 
When an elbow effusion is present, which can result f rom 
bleeding from a fracture, the fat pads become elevated from 
the distal humeral surface and can be seen on a lateral x-ray 
(Figure 2 0.3.5c) [11]. ἀ is m ay b e t he only e vidence of a n 
occult elbow injury until follow-up x-rays are obtained 
10–14 days later when there is evidence of healing and cal-
lous formation.

Figure 20.3.3 AP shoulder x-ray reveals an Salter-Harris II 
fracture with approximately 60° of varus angulation.

(a)

(b)

Figure 20.3.2 (a, b) AP and scapular Y x-rays reveal an 
anterior shoulder dislocation in a 15-year-old male.
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Supracondylar humerus fractures

ἀ e distal end of the humerus consists of strong medial 
and lateral columns but a central portion that is wafer thin. 
ἀ is thin central portion is produced by the olecranon fossa 
posteriorly and t he coronoid fossa a nteriorly. Supracondylar 
humerus f ractures o ccur i n t his a rea a nd t ypically a re s een 
in t he first d ecade o f l ife. ἀ ey a ccount f or 3 0% o f a ll l imb 
fractures in children less than 7 years of age [12]. Supracondylar 
humerus fractures are the most common type of elbow frac-
ture, accounting for 60% of fractures about the elbow in 
children [13]. ἀ ere are two types of supracondylar humerus 
fractures d epending on t he m echanism of i njury: e xtension 
and flexion type. ἀ e extension type fracture (Figure 20.3.6a 
and b) occurs in 96% of patients with a supracondylar humerus 
fracture and typically is the result of a fall on an outstretched 
hand. ἀ e flexion type (Figure 20.3.7) occurs in 4% of supra-
condylar humerus f ractures and is a result of a fall onto the 
olecranon with the elbow flexed.

Nerve i njury i s r eported t o o ccur i n a pproximately 15% 
of s upracondylar h umerus f ractures a nd i s a ssociated w ith 
fractures with greater displacement. Reports vary according 
to which nerve is most commonly injured. Anterior injured. 
Anterior i nterosseus nerve, median nerve, a nd r adial nerve 
injuries are associated with extension type fractures and 
ulnar nerve injuries are associated with flexion type fractures.

Permanent vascular injury is seen in less than 1% of supra-
condylar humerus f ractures. ἀ e brachial a rtery i s protected 
by t he b rachialis m uscle b ut i f t he m uscle i s t orn, t he a nte-
rior spike of proximal fracture fragment can occlude flow. 

(a)

(b)

(c)

Figure 20.3.5 (a) Normal elbow without trauma. 
(b) Elbow following trauma with resulting hemarthrosis. 
Hemarthrosis fills the elbow joint and displaces the fat 
pads which on x-ray will result in a soft tissue shadow. 
(c) Lateral elbow x-ray demonstrating a posterior fat 
pad sign  indicative of hemarthrosis and thus fracture. 
(Courtesy of Texas Children’s Hospital, Houston, Texas.)

Figure 20.3.4 AP x-ray reveals a transverse humerus 
fracture at the junction of the mid to distal 1/3 shaft. This 
patient sustained a radial nerve palsy that spontaneously 
recovered 2 months after the injury.



Supracondylar humerus fractures 283

ἀ e a rtery c an a lso r arely b ecome en trapped w ithin t he 
fracture s ite u pon r eduction o f t he f racture. I f t his o ccurs, 
oftentimes the median nerve is also entrapped necessitating 
open reduction of the fracture with removal of the neurovas-
cular s tructures f rom t he f racture s ite. ἀ e management of 
supracondylar humerus fractures with an absent radial pulse 
is c losed r eduction a fter g eneral a nesthesia. I f c irculation 
returns the fracture is pinned, splinted, and observed. If fol-
lowing the reduction the limb is truly dysvascular then arte-
rial exploration is indicated. If the hand is perfused but the 
radial pulse does not return, this is observed as this is typi-
cally the result of vasospasm and collateral flow to the arm is 
abundant.

ἀ e Gartland Classification system (Figure 20.3.8) is the 
most u seful m ethod o f d escribing e xtension t ype s upra-
condylar humerus fractures and is based on the amount of 
displacement o f t he t wo f ragments [14]. A t ype I f racture 
is n ondisplaced. A c lear f racture l ine m ay o r m ay n ot b e 
visualized. Lateral x-rays will t ypically show evidence of a 
fat pad sign. ἀ e anterior humeral line which is a line drawn 
on the lateral x-ray down the thick anterior cortical bone of 
the distal humerus will pass through the central one-third 
of the capitellum. A type II fracture is angulated but the 
posterior cortex i s intact a nd acts as a h inge. ἀ e a nterior 
humeral l ine does not bisect the capitellum but may touch 
the anterior aspect. A type III supracondylar humerus frac-
ture is completely displaced with disruption of the anterior 
and posterior cortices.

Treatment o f t ype I f ractures i s a l ong a rm c ast f or 
3–4 weeks. Type II and III fractures are treated with closed 
reduction a nd p ercutaneous p inning o r o pen r eduction 
and pinning. Type III supracondylar humerus fractures are 
typically treated within 24 h to avoid complications such as 
compartment syndrome.

Occasionally a s upracondylar h umerus f racture m ay 
be a ssociated w ith a f racture o f t he f orearm. ἀ is i njury 

Figure 20.3.7 Lateral elbow x-ray reveals a flexion type 
supracondylar humerus fracture in a 6-year-old male who 
fell directly on his elbow.

(a)

(b)

Figure 20.3.6 (a) AP elbow x-ray reveals supracondylar 
humerus fracture with overlapping fracture fragments.
(b) Lateral elbow x-ray reveals the true displacement of 
this extension type supracondylar humerus fracture in a 
4-year-old child who fell from the monkey bars.
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pattern is considered a floating elbow and frequently requires 
operative stabilization of both fractures.

Fracture separation of the distal 
humeral physis

ἀ is is a rare injury and the true incidence is unknown. ἀ is 
fracture can be difficult to diagnose as it is seen in very young 
 children in whom much of the distal humerus has not ossi-
fied. ἀ e t ypical mechanism is e ither abuse or a f all f rom a 
height. ἀ e patient will present with diffuse swelling of the 
elbow and the elbow may even appear dislocated. X-rays may 
also be misinterpreted as a dislocation but upon careful eval-
uation the capitellum will be noted to be displaced with the 
proximal radius and ulna (Figure 20.3.9a and b). If the frac-
ture i s acute, t reatment i s t ypically w ith a c losed reduction 
and pinning. However, if the fracture is subacute and shows 
evidence of healing, immobilization in a long arm cast is all 
that is required [15].

Lateral condyle fractures

ἀ is fracture is relatively common and occurs in 12%–16% 
of e lbow f ractures i n c hildren [16]. ἀ is i s a f racture t hat 
begins i n t he d istal l ateral humeral m etaphysis a nd e xists 
into t he d istal h umeral a rticular s urface ( Figure 2 0.3.10). 
Many classification systems have been described but t reat-
ment i s b ased o n t he e xtent o f d isplacement, p articularly 
at t he a rticular s urface. N ondisplaced f ractures ( fractures 
with <2 mm of displacement) can be treated with a cast but 
require close follow-up to ensure that the fracture does not 
displace i n t he c ast. D isplaced f ractures a re t reated w ith 
closed reduction and pinning with an arthrogram or open 
reduction and pinning in order to ensure the articular sur-
face is well aligned.

Medial epicondyle fractures

Medial e picondyle f ractures o ccur i n a bout 1 0% o f e lbow 
fractures i n c hildren a nd a re most c ommonly s een i n c hil-
dren between t he a ges of 10 a nd 14 [17]. More t han 75% of 
these occur in males [18].

ἀ e m echanism o f i njury i s a n a vulsion o f t he m edial 
epicondyle due to a valgus force in combination with a con-
traction o f t he f orearm flexor m uscles [19]. I f t he v algus 
force is severe, it will also result in an associated elbow dis-
location [18]. Treatment is based on displacement. Fractures 

Type I Type II Type III

Figure 20.3.8 Gartland classification. Type I is a nondis-
placed fracture with the anterior humeral line (dotted 
line) passing thru the capitellum. A type II is a mini-
mally  displaced fracture in which the posterior cortex is 
hinged and the anterior cortex is displaced. The anterior 
humeral line may touch the capitellum but will not pass 
through the center. A type III is a completely displaced 
fracture with disruption of both the anterior and pos-
terior cortex. (Courtesy of Texas Children’s Hospital, 
Houston, Texas.)

(a)

(b)

Figure 20.3.9 (a, b) AP and lateral elbow x-rays of a 
13-month-old infant reveal a transphyseal distal humerus 
fracture. Critical evaluation of the x-rays reveals the 
elbow is not dislocated as the distal humerus and radio-
ulnar joint are well aligned;  however, the capitellum (and 
unossified distal humerus) are displaced medial to the 
humerus.
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displaced less than 5 m m are treated with immobilization 
in a c ast a nd d isplaced f ractures a re t reated w ith o pen 
reduction i nternal fixation ( Figure 2 0.3.11). Occasionally 
the m edial e picondyle c an b ecome entrapped i n t he j oint 
when it is associated with an elbow dislocation. ἀ is must 

be r ecognized s o t he i njury c an b e t reated a ppropriately 
with o pen r eduction a nd s tabilization o f t he f ragment 
(Figure 20.3.12a and b).

Figure 20.3.10 AP x-ray of a 2-year-old male reveals a dis-
placed lateral condyle fracture with the fragment rotated 
greater than 90°.

Figure 20.3.11 AP elbow x-ray demonstrates a displaced 
medial epicondyle fracture. Note the significant soft tis-
sue swelling as this injury was associated with an elbow 
dislocation that was reduced.

(a)

(b)

Figure 20.3.12 (a, b) AP and lateral elbow x-rays reveal a 
displaced medial epicondyle fracture incarcerated in the 
elbow joint in a 10-year-old male.
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Proximal radial fractures

ἀ ese fractures account for 8% of children’s elbow fractures 
[20] and is typically seen between the ages of 9 and 12 [21]. 
ἀ ese f ractures result f rom one of t wo mechanisms: a f all 
onto a n o utstretched a rm o r a ssociated w ith a p osterior 
elbow dislocation. ἀ ere are many classification systems and 
much debate as to acceptable amounts of displacement for 
these fractures. ἀ e most common injury pattern is a radial 
neck fracture that typically will involve the proximal radial 
physis (Figure 20.3.13). Rarely will a radial head (articular) 
fracture o ccur. S everal m ethods o f t reatment h ave b een 
described and include closed reduction, pin-assisted reduc-
tion, and open reduction for d isplaced f ractures. ἀ is pat-
tern of injury is prone to loss of elbow range of motion, and 
patients a nd f amilies s hould b e i nformed o f t his i n o rder 
to have appropriate expectations for recovery following this 
injury.

Olecranon fractures

Olecranon fractures account for 5% of elbow fractures and 
are relatively u ncommon [13]. ἀ e t ypical mechanism is a 
fall on the olecranon with the elbow flexed. Most of these 
fractures a re n ondisplaced a nd r equire o nly i mmobiliza-
tion. I f t he f racture is d isplaced and involves t he articular 
surface, this fracture is treated with open reduction and 
internal fixation similar to treatment undertaken in adults 
(Figure 20.3.14a through d). Olecranon fractures can also be 

associated with injuries to the radial head/neck. An olecra-
non fracture associated with a radial head dislocation, also 
is a lso k nown a s a M onteggia f racture d islocation, i s d is-
cussed in further detail later in this chapter.

Elbow dislocations

ἀ is i s a r are i njury i n c hildren a nd t ypically s een i n t he 
second decade of life [22]. ἀ e classification of elbow dislo-
cations is determined by the direction of the ulna in relation 
to t he h umerus. ἀ e d islocation m ay b e p urely p osterior 
(Figure 20.3.15a and b) or may also be in a medial or lateral 
direction. E lbow dislocations may a lso be associated w ith 
medial epicondyle fractures or fractures of the radial neck.

Treatment i nvolves a c areful n eurovascular e xam w ith 
documentation of median and ulnar nerve function and 
vascular p erfusion t o the h and. Closed reduction should 
be performed a s soon a s possible. Reduction i nvolves first 
correction o f a ny m edial o r l ateral d isplacement f ollowed 
by l ongitudinal t raction w ith t he e lbow flexed. F ollowing 
reduction, x-rays should be obtained to confirm a c oncen-
tric r eduction w ith n o en trapped f ragments i n t he j oint 
(Figure 20.3.16a and b).

Brachial a rtery i njury h as b een d escribed w ith o pen 
elbow dislocations and requires immediate arterial explora-
tion a nd repair. U lnar nerve i njuries h ave b een d escribed 
and a re u sually t ransient i njuries. M edian n erve i njuries 
have a lso b een d escribed b ut c an h ave p rofound i mplica-
tions as the nerve may be entrapped in the joint. ἀ ese inju-
ries are often associated with medial epicondyle fractures. If 
following a reduction of an elbow dislocation a patient has 
median nerve dysfunction, exploration of the nerve is nec-
essary as it may be entrapped within the joint [23].

Nursemaid elbow

Nursemaid e lbow i s a lso k nown a s a “ pulled e lbow.” ἀ is 
injury r esults f rom l ongitudinal t raction o n t he a rm t hat 
results in subluxation of the radial head (Figure 20.3.17). It 
is estimated to occur in 15%–27% of all elbow injuries in 
children younger than 10 years old [24] and the typical age 
of injury is 2–4 years of age. ἀ e injury results from longitu-
dinal traction with the forearm in pronation. ἀ is results in 
a partial tear of the annular ligament, which then becomes 
interposed b etween t he r adial h ead a nd c apitellum. ἀ is 
typically occurs when a parent grabs the child’s arm to pre-
vent t he child f rom walking out i nto t raffic or to help t he 
child climb up a step. ἀ e child will keep the elbow flexed 
and the forearm pronated. ἀ e subluxation is reduced by 
supinating the forearm with the elbow in 60°–90° of flexion 
and then maximally flexing the elbow while applying digital 
pressure over the radial head. One is usually able to palpate 
a reduction of the radial head. Following the reduction most 
children will resume use of the arm. Occasionally, in cases 
in which children do not resume use of the arm, it is reason-
able to apply a long arm splint for a week.

Figure 20.3.13 Displaced radial neck fracture in 9-year-old 
male.
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(a)  (b)

(c)
 

(d)

Figure 20.3.14 (a, b) Displaced olecranon fracture in 6-year-old male. (c and d) Due to the displacement at the articular 
surface, operative intervention is indicated.
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Forearm fractures

Fractures of t he forearm represent 4 0% of a ll f ractures i n 
all age groups of children [25]. Males have a slightly greater 
incidence than females. ἀ e most common location of injury 
is the distal metaphysis and physeal region. Diaphyseal frac-
tures are more common in prepubescent children and phy-
seal f ractures a re m ore c ommon a mong a dolescents. ἀ e 
majority of forearm fractures are the result of a fall on an 
outstretched hand during sports or play but can also occur 
with h igher m echanism o f i njury s uch a s m otor v ehicle 

accidents. Classification of theses fractures is based on the 
following characteristics:

 1. Bone or bones involved
 2. Direction of displacement (apex volar or dorsal)
 3. Fracture location (diaphyseal, metaphyseal, epiphyseal)
 a. Physeal involvement
 b. Articular involvement
 4. Fracture pattern (plastic deformation, buckle or green-

stick fracture, complete fracture)

(a)

(b)

Figure 20.3.16 (a, b) Postreduction x-rays reveal a con-
centric elbow joint.

(a)

(b)

Figure 20.3.15 (a, b) Posterior-lateral elbow dislocation in 
a 16-year-old male who was injured while wrestling.
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ἀ e goal o f t reatment i s t o c orrect a ny b ony m alalign-
ment o r m alrotation t o a cceptable s tandards t o a llow f or 
healing and remodeling of the fracture. ἀ ese goals in chil-
dren c an o ften b e a chieved w ith c asting b ut o ccasionally 
will need operative intervention. Generally speaking, mal-
rotation is poorly tolerated as this does not remodel. ἀ ere 
are various operative methods to achieve reduction of frac-
tures when c losed means fail. ἀ ese i nclude c losed reduc-
tion and percutaneous pinning, external fixation, and open 
reduction internal fixation.

Proximal forearm fractures can be challenging as closed 
reduction can be difficult and malalignment in this region 
is p oorly tolerated. R arely does a p roximal r adius or u lna 
fracture occur in isolation because of the intimate anatomic 
relationship of t he proximal r adius a nd u lna a t t he e lbow 
joint. ἀ erefore, t here s hould b e a high level of suspicion 
for a n a ssociated d islocation, ph yseal s eparation, o r p las-
tic deformation of the other bone. When recognized, these 
injuries a re a menable t o t reatment, but i f t he d iagnosis i s 
delayed c hronic d eformity a nd l ong-term p roblems c an 
result.

Fractures o f t he p roximal r adius a nd u lna d iaphysis 
can be t reated w ith a c ast as long as t he angulation is less 
than 10°. Remodeling of the proximal forearm is limited so 
angulation of g reater than 10° c an lead to loss of forearm 
rotation. W ith a ngulation g reater t han 1 0°, c losed re duc-
tion and/or open reduction and stabilization with plates or 
intramedullary rods is indicated.

Fractures o f t he d iaphysis o f t he r adius a nd u lna a re 
extremely common injuries, and treatment varies greatly 
on t he a ge o f t he p atient. N ondisplaced f ractures a re 
typically t reated i n a l ong a rm c ast f or 3 –4 w eeks a nd 
then t he patient w ill b e t ransitioned to a s hort a rm c ast 

for a n a dditional 2 –4  weeks. G enerally o lder c hildren 
require l onger i mmobilization c ompared t o y ounger 
children who heal faster. Most children less than 10 years 
of a ge c an b e t reated w ith c losed r eduction a nd c ast-
ing. Bayonet apposition w ithout a ngulation or malrota-
tion heals and remodels predictably in children less than 
10 y ears o f a ge ( Figure 2 0.3.18a t hrough  f). H owever, 
if angulation or m alrotation is g reater t han 20° in t he 
diaphysis of a child less than 10 years of age, then opera-
tive t reatment w ith o pen r eduction a nd i nternal fixa-
tion w ith e ither i ntramedullary nails or p late a nd s crew 
construct i s needed. In c hildren o lder t han 10 y ears o f 
age the acceptable angulation and malrotation is only 
10° a s t hese c hildren h ave l ess r emodeling p otential 
and t hus a re m ore l ikely t o r equire o perative t reatment 
(Figure 2 0.3.19a t hrough d). O ther c onsiderations f or 
remodeling a re t he l ocation o f t he f racture a nd p lane 
of d isplacement. F ractures c loser t o t he g rowth p late 
and f ractures w hich a re d isplaced i n t he p lane o f j oint 
motion have greater remodeling potential.

Fractures o f t he d istal r adius a nd u lna a re t he m ost 
common f orearm injuries. ἀ ese f ractures a re c lassified 
as buckle or torus f ractures, g reenstick f ractures, or com-
plete f ractures. Torus f ractures a re i nherently s table a nd 
are treated with a removable wrist splint for 3–4 weeks for 
comfort. Displaced fractures have tremendous remodeling 
potential due to the proximity to the distal radius and ulna 
physis as 70%–80% of the growth of these bones arises from 
the distal physis (Figure 20.3.20a through d). ἀ us, in chil-
dren with greater than 2 years of growth remaining, closed 
reduction a nd c asting i s a cceptable t reatment. I f r esidual 
angulation g reater t han 2 0° p ersists, o perative t reatment 
with closed r eduction a nd pinning o r o pen r eduction i s 
indicated.

Distal r adius a nd u lna p hyseal f ractures a re t reated i n 
a s imilar f ashion t o m etaphyseal f ractures a s p reviously 
described ( Figure 2 0.3.21a t hrough d). ἀ e o ne c aveat i s 
that p hyseal f ractures s hould b e t reated w ithin 5 –7 d ays. 
ἀ e risk of growth arrest from radial physeal fracture is low 
and r eported a t 3%–5%; h owever, t hat r isk i ncreases i f t he 
fracture is reduced beyond 7 d ays as late reduction of these 
fractures can compound the injury to the growth plate [26]. 
Distal u lna p hyseal f ractures h ave a h igher r ate o f g rowth 
arrest, reported at 20%–50% [27]. An arrest of either of these 
bones can result in significant deformity of the forearm and 
wrist [28].

Monteggia fracture-dislocations

ἀ is injury pattern is defined as a fracture of the ulna with 
an a ssociated r adial h ead d islocation. D espite t he k nown 
need f or v igilance i n d iagnosing t his i njury i t i s o ften 
missed by competent orthopedic surgeons, radiologists, 
emergency, a nd p rimary c are p hysicians. Q uality A P a nd 
lateral radiographs of the forearm and elbow are required to 
appropriately diagnose this injury and failure to do so can 

Humerus

Ulna

Annular ligament has
slipped from normal
position around the
radial neck and is
interposed into the joint

Radius

Figure 20.3.17 Typical mechanism of injury of parent 
“pulling” patient arm which results in subluxation of radial 
head and displacement of annular ligament. (Courtesy of 
Texas Children’s Hospital, Houston, Texas.)
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(b)(a)

(c) (d)

(e) (f)

Figure 20.3.18 (a, b) A 5-year-old female with a displaced radius fracture with overriding fragments and a buckle fracture 
of ulna. (c, d) Three months after injury x-rays reveal complete healing and early remodeling. (e, f) Six months after injury 
fracture remodeling is complete.
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result in permanent impairment to the patient. In all radio-
graphic views, the radius should line up with the capitellum 
(Figure 20.3.22a and b) [29].

Monteggia f racture-dislocations a re c lassified by d irec-
tion of displacement of the radial head (anterior, posterior, 
and lateral) [30] and the type of forearm fracture. ἀ e ulna 
fracture can be further categorized as plastic deformation, 
incomplete o r c omplete. Treatment o f t he i njury r equires 
anatomic reduction and stabilization of the ulna. ἀ e prob-
lem w ith p lastic d eformation o r i ncomplete f ractures o f 
the u lna i s t hat t he i njury i s not recognized a nd t hus not 
addressed. In the young child, treatment can be achieved by 
reducing the ulna fracture. ἀ e radial head then will reduce 
simultaneously. ἀ e patient is then placed into a l ong arm 
cast. In older children or unstable ulna fractures, treatment 
requires o perative s tabilization o f t he u lna w ith a n i ntra-
medullary r od o r p late a nd s crews a nd r arely o pen t reat-
ment of the radial head dislocation.

Galeazzi fracture-dislocations

Pediatric Galeazzi fracture-dislocations are rare. ἀ ey are 
defined as a d isplaced distal radius fracture with a d istal 

radio-ulnar j oint ( DRUJ) d islocation o r d isplaced u lnar 
physeal i njury ( Galeazzi e quivalent) ( Figure 2 0.3.23a 
and  b). I n a dults, t his i njury p attern t ypically r equires 
operative treatment; however, in the pediatric popula-
tion, closed reduction with application of a long arm cast 
restores anatomic alignment and stability to the DRUJ. In 
the older child, open reduction of t he d istal radius f rac-
ture m ay b e r equired t o o btain a n a natomic r eduction 
(Figure 20.3.23c and d). Upon reduction of the radius, the 
DRUJ is stressed. If it is unstable in both supination and 
pronation of the forearm, a pin is placed across the DRUJ 
for 4–6 weeks.

Carpal fractures

Scaphoid f racture i s t he m ost c ommon c arpal i njury i n 
children [31]. Scaphoid fractures are classified by location 
(distal pole, waist, and proximal pole), degree of displace-
ment, a nd d irection o f f racture. Waist f ractures a re t he 
most common s caphoid f racture. Displacement greater 
than 1–2 m m i s a r isk f actor for m alunion or nonunion 
[32]. T reatment v aries a nd c an i nvolve p lacement o f a   
short arm or long arm thumb spica cast for nondisplaced 

(a)  (b)  (c)  (d)

Figure 20.3.19 (a, b) An 8-year-old male with moderate displacement of midshaft radius and ulna fractures after a fall on 
the playground. (c, d) Closed reduction and casting did not result in adequate alignment, so the fractures were stabilized 
with intramedullary rods.
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(a) (b)

(c) (d)

Figure 20.3.20 (a, b) A 10-year-old female with a displaced distal radius fracture and nondisplaced ulna fracture following 
a fall from a trampoline. (c, d) The fracture was reduced with sedation in the emergency room and treated in a short 
arm cast. 
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(a)  (b)

(c)

 
(d)

Figure 20.3.21 (a, b) A 10-year-old male with displaced Salter Harris II distal radius fracture and ulnar styloid fracture fol-
lowing a fall. (c, d) Closed reduction with pinning was performed to stabilize this unstable fracture.

(a)  (b)

Figure 20.3.22 (a, b) AP and lateral forearm x-rays reveal a chronic Monteggia fracture-dislocation. The radial head is 
anteriorly displaced and there is a healed ulna fracture. The dislocation of the radial head was not originally appreciated.
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(a) (b)

(c) (d)

Figure 20.3.23 (a, b) A 13-year-old male who fell from skateboard resulting in a Galeazzi equivalent injury (displaced distal 
radius fracture with Salter Harris II distal ulna fracture). (c, d) Patient underwent open reduction internal fixation of the 
distal radius fracture and pinning of the ulna fracture to ensure adequate healing. 
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fractures a nd o perative t reatment w ith c annulated s crew 
fixation f or d isplaced f ractures. A vascular n ecrosis a nd 
nonunion can occur in children as seen in adults.

Hand fractures

ἀ e hand is commonly injured in children. In toddlers, this 
is often a crush injury from a door and in the older child the 
mechanism of i njury i s f rom sports. Approximately 8 0% of 
these injuries heal without complications; however, a small 
subset of f ractures, d islocations, and soft tissue injuries can 
have dire complications if not treated appropriately.

Distal p halanx i njuries u sually a re a r esult o f a c rush 
injury. Partial or complete distal tip amputations may occur 
as w ell a s n ail b ed o r p late i njuries. M any o f t he fingertip 
amputations can be treated with irrigation and a sterile dress-
ing as long as there is no exposed bone. If bone is exposed, it 
can either be debrided with a rongeur or an advancement flap 
or composite graft can be considered.

Mallet i njuries o ccur w hen t here i s a d isruption o f t he 
terminal e xtensor t endon i nsertion onto t he d istal phalanx 
epiphysis. ἀ is c an o ccur a s a n i ntrasubstance t ear o f t he 

tendon or as a bony avulsion. Both are treated with extension 
splinting o f t he d istal i nterphalangeal j oint w hile a llowing 
motion of the proximal interphalangeal joint.

A S eymour f racture i nvolves a p hyseal s eparation of t he 
distal phalanx associated with a d isruption of the overlying 
skin r esulting i n a n o pen f racture. ἀ e g erminal m atrix o f 
the nail bed can become interposed at the fracture site. Left 
untreated t he open wound c an become i nfected. Treatment 
involves removal of the nail plate, extraction of the entrapped 
germinal matrix at the fracture site, reduction of the fracture, 
and repair of the nail bed.

Phalangeal neck fractures

ἀ ese fractures occur at the middle and proximal phalanx 
and i f t hey a re n ot r ecognized c an r esult i n l imitation o f 
motion o r m alrotation o f t he d igit. ἀ e f racture c an b e 
underappreciated due to the small fracture fragment and 
the  fracture o ften d isplaces i nto e xtension. ἀ is f racture 
typically requires operative t reatment w ith reduction a nd 
 stabilization w ith a p in a s a r eduction c annot b e m ain-
tained in a cast.

Physeal phalangeal fractures

ἀ ese fractures occur at the proximal phalanx and most com-
monly i nvolve t he s mall finger ( Figure 2 0.3.24). ἀ e finger 
will have excessive abduction as the fracture travels through 
the p hysis a nd i s t ypically a S alter Ha rris I I i njury. ἀ ese 
injuries are treated with a closed reduction and are typically 
stable in a cast.

Metacarpal fractures

Fractures of the metacarpal can occur at the shaft or distally 
in t he m etacarpal n eck. Sh aft fractures s hould b e a ssessed 
for malrotation. ἀ is can be assessed by i nspecting tenode-
sis. Passive w rist e xtension results i n p assive d igital flexion 
and allows for evaluation of digital alignment. Malalignment 
requires a natomic re duction a nd op erative s tabilization. 
Fractures of the metacarpal neck typically are the result of an 
altercation and occur most commonly at the fifth metacarpal. 
Treatment varies, but 40° of angulation at the fracture site is 
readily acceptable.

Dislocations

Dislocations most commonly occur at the proximal i nter-
phalangeal j oint o r m etacarpal p halangeal j oint. D orsal 
dislocations a re m ost c ommon a nd a re t reated w ith a g en-
tle reduction followed by early motion and buddy tapping. 
Occasionally a dislocation may be irreducible due to entrap-
ment of the volar plate or instability. In these circumstances 
operative treatment is required.

Figure 20.3.24 A 12-year-old female sustained a dis-
placed Salter Harris II proximal phalanx fracture when a 
basketball struck her hand.
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Lower extremity fractures

MEGAN M. MAY and VINITHA R. SHENAVA

Hip fractures

Unlike in t he elderly population, h ip f ractures in children 
are rare and are most commonly the result of high-energy 
trauma. A t rauma evaluation should a lways be considered 
to identify other associated injuries, such as head injuries, 
abdominal injuries, and other fractures [1,2].

A metabolic or structural problem with the bone should be 
suspected if a proximal femur fracture occurs in a young patient 
with a low-energy mechanism. Femoral neck stress fractures 
can occur as a result of osteoporosis in patients with eating 
disorders or low-body-weight a thletes w ho overtrain [3,4]. 
Simple bone cysts are common in the trochanteric region and 
can also weaken the bone, predisposing it to fracture. If there 
is a ny suspicion for a p athologic f racture, f urther work-up 
should occur prior to definitive treatment of the fracture.

Regardless of t he mechanism, t he complication rate fol-
lowing h ip f ractures i n c hildren i s h igh. ἀ e u nique a nat-
omy of the proximal femur and its blood supply contribute 
to t his h igh c omplication r ate. A s w ith a ny p hyseal f rac-
ture, premature physeal c losure is possible a fter a f racture 
through t he p roximal f emoral p hysis. D epending o n t he 
age a t w hich t his o ccurs, a l eg l ength d iscrepancy, c oxa 
vara (Figure 20.3.25) or coxa breva, can develop [1,5,6]. ἀ e 
same complications can develop if an extra-physeal proxi-
mal femoral f racture requires fixation across the proximal 
femoral physis in order to adequately stabilize the fracture.

In addition, disruption of the vascular supply to the fem-
oral head is common following proximal femur fractures in 
children and can result in avascular necrosis of the femo-
ral head. At birth, the blood supply to the femoral head is 
primarily i ntraosseous t hrough m etaphyseal v essels f rom 
the femoral neck. As the proximal femoral physis develops, 
these i ntraosseous a rteries decrease i n s ize a nd t he physis 
becomes a barrier to these vessels. ἀ e intracapsular lateral 
epiphyseal vessels and branches of the medial femoral cir-
cumflex artery run along the neck of the femur and become 
the primary blood supply to the femoral head in the older 
child since they bypass the physis [7,8]. ἀ ere is essentially 
no collateral blood supply to the femoral head, so disruption 
of the lateral epiphyseal vessels with a fracture or occlusion 

of flow through these vessels due to high intracapsular pres-
sure from a hemarthrosis can decrease the blood supply to 
the femoral head, leading to avascular necrosis.

ἀ e D elbet c lassification ( Figure 2 0.3.26) i s u sed t o 
describe proximal femur fractures and is prognostic for their 
risk of avascular necrosis and poor outcome [2,6]. A Delbet 
type I fracture is a transphyseal fracture with or without dis-
location of the proximal femoral epiphysis from the acetabu-
lum. It has the highest risk for avascular necrosis. A Delbet 
type I I f racture i s a n i ntracapsular f racture t hrough t he 
neck of the femur (transcervical) a nd is t he most c ommon 
proximal femur f racture (Figure 20.3.27). A Delbet t ype III 
fracture occurs at t he junction of t he femoral neck and t he 
trochanteric r egion ( cervicotrochanteric). ἀ is f racture i s 
generally thought to be extra-capsular, but given that there is 
still a low risk of AVN associated with it, some of these frac-
tures may be intra-capsular. A Delbet type IV fracture is an 
extra-capsular f racture through the t rochanteric r egion o f 
the proximal femur and has the lowest risk for AVN.

Evaluation of a p atient w ith a p roximal femur f racture 
usually begins with a standard trauma workup. ἀ e patient’s 
affected extremity will usually be shortened and externally 
rotated. An anteroposterior (AP) pelvis radiograph with as 
much traction and internal rotation on the affected extrem-
ity as t he patient w ill tolerate should be obtained. A c ross 
table l ateral x-ray should b e c onsidered over a f rog l ateral 
view to decrease the risk of further d isplacing a proximal 
femur fracture. In most circumstances, the patient will have 
had a computed tomography (CT) of the pelvis as part of the 
trauma e valuation w hich s hould a lways b e reviewed for a 
possible femoral neck fracture. In cases of a suspected fem-
oral n eck s tress f racture o r p athologic f racture, m agnetic 
resonance imaging (MRI) is the best imaging modality for 
further evaluation [9,10].

Because o f a h igh r ate o f c oxa v ara, d elayed u nion, a nd 
nonunion with cast treatment, most proximal femur fractures 
are t reated w ith open or c losed reduction a nd i nternal fixa-
tion. Timing of surgery is controversial and most studies sup-
port surgical treatment within 24 hours of injury [11–13]. In 
Delbet type I a nd II f ractures, fixation will most often cross 
the physis in order to adequately stabilize the fracture. In 
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young c hildren, s mooth 2 .0-mm pins c an b e u sed t o m ini-
mize iatrogenic injury to the physis. ἀ ese children are most 
commonly p laced i n a s pica c ast f ollowing s tabilization o f 
their fractures. In older children with less growth remaining, 
cannulated screws are used to stabilize the fracture and also 
usually c ross t he p hysis ( Figure 2 0.3.27). Type I II f ractures 
can u sually b e s tabilized w ith s imilar m ethods b ut fixation 

can often stop short of the physis. Supplementary protection 
with spica casting may be considered. A pediatric hip screw 
and side plate are often used for fixation of a displaced type IV 
fracture. Postoperatively, patients are generally kept toe touch 
weight bearing for at least 6 weeks and possibly longer depend-
ing upon the degree of healing seen on follow-up x-rays.

Hip dislocations

Hip dislocations are also rare in children. In younger children, 
hip dislocations can occur with only minor trauma [14,15], but 
in adolescents, a hip dislocation usually occurs as a result of 
high-energy trauma [16]. Football and motor vehicle collisions 
account for the majority of hip dislocations in the adolescent 
group. Posterior hip dislocations are most common and occur 
when a p osteriorly d irected f orce i s a pplied t o a flexed a nd 
internally rotated femur. Although spontaneous reduction is 
possible, examination of a p atient with a p osterior hip dislo-
cation u sually finds t hat t he h ip i s s lightly flexed, adducted, 
and i nternally r otated. C areful n eurologic e xamination i s 
necessary, as up to 20% of posterior hip dislocations have an 
associated sciatic nerve injury [17,18]. Ipsilateral knee injuries 
are also common [19]. A posterior hip dislocation can usually 
be seen on a s tandard AP pelvis radiograph (Figure 20.3.28). 
Radiographs should a lso be carefully reviewed for a f emoral 
neck fracture or injury to the proximal femoral physis, as this 
may influence whether the reduction of the hip dislocation is 
performed in the emergency department or in the operating 
room. Reduction under general anesthesia should be strongly 
considered in adolescents following high-energy trauma due to 
their increased risk for epiphyseal separation during reduction 
[20]. Prompt reduction (within 6 hours) is required in order to 
decrease a patient’s risk for avascular necrosis [15,21]. If reduc-
tion is undertaken in the emergency department and proves to 
be difficult, the procedure should be aborted and moved to the 
operating room where full anesthesia, muscle relaxation, and 
fluoroscopy are available. If closed reduction under anesthesia 
is unsuccessful, open reduction is indicated [16,22]. Following 
reduction, a CT or MRI should always be obtained to confirm 
a concentric reduction, to evaluate for loose bodies within the 
joint, a nd to a ssess t he a cetabulum for f racture [21–24]. For 
younger c hildren w hose a cetabulum i s n ot c ompletely o ssi-
fied, a n M RI should b e c onsidered to e valuate t he p osterior 
wall of the acetabulum if there is concern for an injury [23,24]. 
Following reduction, young patients are often immobilized in 
a spica cast. Adolescents should be instructed to avoid hip flex-
ion and internal rotation, and may be placed in a hip orthosis, 
knee immobilizer, or given an abduction pillow to encourage 
compliance with these precautions.

Femoral shaft fractures

Femoral shaft fractures occur i n a bimodal a ge d istri-
bution w ith p eak i ncidence i n t oddlers a nd i n a doles-
cents [25,26]. ἀ e m echanism o f i njury i n t hese t wo a ge 
groups i s s ignificantly d ifferent [ 26]. T oddlers’ f emurs 

(a)

(b)

Figure 20.3.25 (a) Radiographs of an 8-month-old who 
sustained a femoral neck fracture after getting his foot 
stuck in his crib. (b) Coxa vara was seen on radiographs 
taken at 4 months after his injury.
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are relatively weak, and fractures occur most commonly 
with f alls o ccurring d uring n ormal p lay [26,27]. I n c on-
trast, h igh-energy t rauma i s u sually t he c ause o f f emur 
fractures in adolescents [26]. Abuse must be suspected in 
a child who sustains a femur fracture before he has started 
walking [ 27–29]. D ue t o t he h igh a ssociation o f n onac-
cidental t rauma w ith femur f ractures i n y oung c hildren, 
the American Academy of Orthopaedic Surgeons recom-
mends that a child abuse workup be considered in all chil-
dren under 36 months of age who have sustained a femur 
fracture [30].

Treatment of pediatric femur fractures is highly depen-
dent on the age of the patient. Femur fractures in infants 
usually occur w ith birth t rauma a nd can be t reated i n a 
Pavlik h arness [31,32] o r a s plint. M ost f emur f ractures 
in c hildren u nder 5 y ears o f a ge c an b e t reated w ith 
spica casting [33], usually for 4–8 weeks (Figure 20.3.29). 
Because o f t he s ignificant r emodeling p otential i n t his 
age group [34], up to 2 cm of shortening [35] and 15°–30° 
of a ngulation m ay b e a ccepted. S ingle l eg s pica c asting, 
which does not immobilize the well extremity, is becom-
ing more popular, since it a llows the child to walk as his 

pain i mproves [36–38] a nd a llows t he c hild t o b e m ore 
easily cared for by parents.

Treatment of femur fractures in the 6- to 11-year-old age 
group is usually operative, using flexible nails (Figure 20.3.30) 
or a submuscular plate. Use of a rigid nail, as would be used 
in older adolescents and adults, requires a s tarting point for 
entry of the nail at the greater trochanter, putting the medial 
femoral circumflex artery at risk for injury. Iatrogenic avascu-
lar necrosis of the femoral head in children with open proxi-
mal f emoral p hyses c ould r esult f rom i njury t o t he m edial 
femoral circumflex artery [39]. Because flexible nails do not 
provide r igid fixation, a lternative fixation methods, such as 
submuscular plating, should be considered in “length unsta-
ble” f ractures [40], such a s comminuted f ractures a nd long 
spiral fractures, which have a higher likelihood of shortening 
or angulation when treated with flexible nailing [32,41,42].

Femoral shaft fractures in children over 12 years old are 
generally t reated w ith r igid l ocked i ntramedullary n ails 
(Figure 20.3.31) [43]. ἀ e risks of shortening and angulation 
seen with flexible nails are minimized with rigid intramed-
ullary nails, b ecause t hey a re “ locked” w ith s crews proxi-
mally and distally.

TYPE IBTYPE IA

TYPE III

TYPE IV

TYPE II

Figure 20.3.26 Delbet classification. (Courtesy of Texas Children‘s Hospital, Houston, Texas.)
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In unusual circumstances, such as significant soft tissue 
injury, a n u nstable f racture i n a p atient w ith open physes 
or a patient who is not stable for surgery, external fixation 
and/or traction may be considered [44–47].

Distal femoral physeal fractures

Distal f emoral p hyseal f ractures t ypically occur d uring 
high-energy t rauma o r s ports. ἀ ey h ave a h igh c om-
plication r ate, p articularly w ith g rowth a rrest [ 48,49]. 
Depending o n t he t ype o f f racture, g rowth a rrest m ay 
result i n a l eg l ength d iscrepancy o r a n a ngular d efor-
mity. ἀ ese fractures are described using the Salter-Harris 
Classification ( Figure  20.3.32). T ype I f ractures o ccur 
through the physis itself without extension into the metaph-
ysis or epiphysis. ἀ ese fractures can be nondisplaced and 
difficult to detect on x-rays. B ecause a c hild’s physis w ill 

(a)

  
(b)

(c)

Figure 20.3.27 (a) Radiographs of a 9-year-old female with a transcervical femoral neck fracture sustained after falling 
while playing on a trampoline. (b) Transcervical femoral neck fracture was treated with open reduction and screw fixation. 
(c) Evidence of avascular necrosis at 2 months after her injury.

Figure 20.3.28 Hip dislocation.
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usually f ail b efore h is o r h er l igaments, a S alter-Harris 
I f racture s hould b e c onsidered w ith r elatively n ormal 
appearing x-rays and a mechanism that would be concern-
ing for a medial collateral ligament in an adult (i.e., child 
is struck in the lateral knee). Stress x-rays of the knee can 
be considered but are not generally recommended due to 
further potential injury to t he physis. Subtle w idening of 
the physis on x-rays and tenderness circumferentially over 

the distal femoral physis are findings that should raise sus-
picion for this injury. An MRI can be obtained to confirm 
diagnosis [50]. Nondisplaced fractures can be treated with 
a l ong l eg c ast. D isplaced a nd/or u nstable f ractures a re 
usually treated operatively with closed or open reduction 
and pinning.

Salter-Harris I I f ractures o ccur t hrough t he p hysis 
but e xtend i nto t he m etaphysis w ith a ἀ urston H olland 

(a)   (b)

(c)   (d)

Figure 20.3.29 (a) and (b) Radiographs of a 3-year-old male with a femoral shaft fracture treated in a single leg spica cast. 
(c) and (d) Radiographs showing remodeling of his femoral shaft fracture 1 year after injury.
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(a)
Portable

  (b)

Portable
X-Table

left

(c)   (d)

Figure 20.3.30 (a) and (b) Radiographs of an 11-year-old male who sustained a femoral shaft fracture on a trampoline.
(c) and (d) Radiographs showing healing of his femoral shaft fracture at 6 months after treatment with flexible nails.
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(a)

Portable

  (b)

(c)

Portable/  or 11

  (d)

Portable/  or 11

Figure 20.3.31 (a) and (b) Radiographs of a 12-year-old male who sustained a comminuted subtrochanteric femur 
 fracture after falling from his bicycle. (c) and (d) Radiographs showing treatment of his fracture with a rigid locked 
 intramedullary nail.
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fragment. ἀ e ἀ urston Holland fragment can be of varying 
sizes. I f l arge enough, operative t reatment i nvolves c losed 
or open reduction a nd screw fixation w ithin t he ἀ urston 
Holland f ragment t o a void a dditional i njury t o t he  distal 
femoral p hysis ( Figure 2 0.3.33). I f t he ἀ urston H olland 
 fragment is small, smooth pins may be used as in a S alter-
Harris I fracture to stabilize it (Figure 20.3.34).

Salter-Harris I II f ractures i nvolve t he p hysis b ut e xit 
through the epiphysis as an intra-articular f racture. ἀ ese 
fractures are sometimes difficult to see on x-rays. A C T or 
MRI is often helpful in diagnosing the fracture and in sur-
gical p lanning. Treatment u sually i nvolves c losed or open 
reduction a nd s crew fixation o f t he e piphyseal f ragment 
(Figure 20.3.35).

Salter-Harris I V f ractures a re r are a nd a re t reated i n a 
similar f ashion t o o ther d istal f emoral p hyseal f ractures. 
Postoperatively, p atients w ith d istal f emoral p hyseal f rac-
tures are kept in either a cast (cylinder or long leg) or brace 
and kept toe touch weight bearing for 4–6 weeks.

Knee injuries

After a f racture i s e xcluded, t he m ost c ommon c auses o f 
traumatic knee effusions in children are anterior cruci-
ate l igament ( ACL) t ears a nd p atellar d islocations [ 51]. 
ACL t ears f requently o ccur w ith a n oncontact t wisting 

mechanism d uring s ports. A h igher-energy m echanism, 
such a s a m otor v ehicle c ollision o r a c ontact i njury d ur-
ing sports, may result in concomitant collateral and/or pos-
terior cruciate l igament i njuries. W hile a k nee d islocation 
occurs when at least three ligaments are disrupted, bicruci-
ate injuries have equally high rates of associated neurovas-
cular injuries [52]. Because there may not be a significant 
deformity associated with a knee dislocation [52], the physi-
cian must have a high suspicion for the presence of these 
injuries. A c areful ligamentous exam should be performed 
on a ll p atients w ith l ower e xtremity t rauma. L axity w ith 
varus or valgus stress with the k nee in full extension sug-
gests a t l east a c ombined c ruciate a nd c ollateral l igament 
injury. ἀ e knee with an isolated collateral ligament injury 
should be s table to varus, a nd valgus s tress w ith t he k nee 
extended w ith i ncreased l axity d etected o nly w hen flexed 
to approximately 3 0°. A s ignificant k nee effusion may not 
be present with a k nee dislocation due to capsular disrup-
tion with more significant swelling seen in the soft tissues 
around the knee and leg. Knee dislocations are complicated 
by nerve i njury i n 25% a nd popliteal a rtery i njury i n 18% 
[53]. Multiple methods have been described to evaluate for 
arterial injury associated with knee dislocations, including 
angiography, duplex ultrasound, ankle brachial index, and 
MR angiography [53]. An MRI should be obtained to con-
firm diagnosis of a knee dislocation and to determine which 

*Growth
plate

*

Normal I II 

III IV V

Figure 20.3.32 Salter-Harris Classification of distal femur fractures. (Courtesy of Texas Children's Hospital, Houston, Texas.)
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(b)(a)

(c) (d)

Figure 20.3.33 (a) and (b) Radiographs of a 15-year-old male who sustained a Salter-Harris II distal femur fracture while 
playing football. (c) and (d) The fracture was treated with open reduction and screw fixation.
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(c)
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Figure 20.3.34 (a) and (b) Radiographs of a 9-year-old male who sustained a Salter-Harris II distal femur fracture with a 
very small Thurston-Holland fragment that was treated with closed reduction and pinning. (c) and (d) Radiographs at 1 
year after injury showed that he had developed premature physeal closure resulting in a leg length discrepancy.



Knee injuries 307

(a) (b)

(c) (d) (e)

Figure 20.3.35 (a) and (b) Radiographs of a 14-year-old male who injured his knee while playing football show no obvious 
fracture. (c) and (d) A CT was obtained which showed a Salter-Harris III distal femur fracture. (e) The fracture was treated 
with percutaneous screw fixation.
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ligaments a re d isrupted. A fter r eduction, t he k nee s hould 
be stabilized in a s plint or brace. Occasionally, an external 
fixator is required to keep the knee reduced until ligament 
reconstruction can be performed on an elective basis.

Patellar d islocations s hould not  b e c onfused w ith k nee 
dislocations. Patellar dislocations usually occur as the result 
of a l ow-energy t rauma t hat forces t he patella to d islocate 
laterally. ἀ e p atella o ften s pontaneously r educes w ith 
extension o f t he k nee. O ccasionally, t he p atella h as t o b e 
reduced manually by extending t he k nee a nd pushing t he 
patella medially. In patients with a large effusion, an MRI 
should be considered to evaluate for an osteochondral frac-
ture o f t he p atella a nd/or l ateral femoral c ondyle t hat h as 
resulted i n a l oose body w ithin t he k nee [54–57]. Patients 
are o ften p redisposed t o p atellar d islocation d ue t o t heir 
alignment ( increased f emoral a nteversion, g enu v algum, 
high Q -angle, h igh t ibial t uberosity t o t rochlear g roove 
distance), patella  alta, trochlear dysplasia, young age, and 
hyperlaxity [58–61]. First-time patellar dislocations are usu-
ally t reated c onservatively w ith i mmobilization i n a k nee 
brace followed by therapy to improve the patient’s range of 
motion a nd s trength. ἀ e p hysician m ust b e a ware, h ow-
ever, o f t he h igh r isk o f r edislocation i n y ounger p atients 
[61–63]. Surgery is usually reserved for those patients with 
recurrent patellar dislocations or those who sustain an 
osteochondral f racture at t he t ime of i njury resulting i n a 
loose body within the joint.

Proximal tibia fractures

Tibial spine fractures occur when the ACL is avulsed with 
a portion of bone at its tibial insertion. ἀ ese injuries most 
commonly occur during sports [64,65] and bicycle accidents 
[66]. E xamination of t hese patients u sually reveals a l arge 
knee effusion or hemarthrosis and increased anterior trans-
lation on Lachman and anterior drawer testing. X-rays show 
a f racture o f the t ibial s pine which i s c lassified  according 
to its displacement on the lateral view [66,67]. A type 1 
fracture i s n ondisplaced. A t ype 2 f racture i s o ne t hat i s 
extended anteriorly, hinging on its intact posterior border. 
A type 3 f racture has complete separation of the fragment 
from its bed a nd i s d isplaced. Treatment i s based on f rac-
ture c lassification. Type 1  f ractures a re t reated no nopera-
tively w ith a l ong leg or c ylinder cast in relative extension 
(0°–20°). Type 3 fractures are most often treated operatively 
with a rthroscopic or open reduction a nd i nternal fixation 
either with screws or sutures (Figure 20.3.36). Treatment of 
type 2 fractures is surgeon dependent. An attempt at reduc-
tion of these fractures may be performed by aspirating the 
hemarthrosis and immobilizing the knee in full extension. 
If u nsuccessful, s urgery m ay b e c onsidered u sing a t ech-
nique s imilar t o t hat d escribed f or t ype 3 f ractures [ 64]. 
Closed reduction will be unsuccessful if the meniscus and/
or i ntermeniscal l igament i s i nterposed b etween t he f rac-
ture fragment and its bed [64,68]. An MRI is often obtained 
when evaluating these injuries as there is a high association 

with o ther c oncomitant i ntra-articular i njuries, s uch a s 
meniscus tears [64,65,69].

Tibial t uberosity f ractures o ccur m ost o ften d uring 
jumping or landing from jumping [70], causing the exten-
sor mechanism to avulse the apophysis at the patellar ten-
don’s insertion. Following this injury, patients usually have 
significant swelling a nd bruising o verlying the proximal 
tibia a nd a l arge e ffusion. A m obile f racture f ragment o r 
a defect may be palpable. X-rays usually show a d isplaced 
bony f ragment a nd p ossibly p atella a lta, d epending o n 
the d egree o f f racture d isplacement. A n o ssicle s een o n 
x-rays a t t he tibial t uberosity w ith O sgood-Schlatter d is-
ease should be differentiated from a t ibial tuberosity frac-
ture b ased o n h istory, m echanism o f i njury, a nd e xam. 
Because the fracture often involves the articular surface of 
the proximal tibia, a CT or MRI may be considered during 
the evaluation of these patients [70]. ἀ e anterior recurrent 
tibial a rtery l ies c lose t o t he f racture a nd c an b e avulsed 
at t he t ime o f i njury. Bl eeding f rom t his a rtery i nto t he 
anterior compartment of the leg can result in compartment 
syndrome [70,71]. Treatment of displaced fractures usually 
consists of open reduction and internal fixation with can-
nulated screws followed by immobilization for 4–6 weeks 
(Figure 20.3.37).

Proximal t ibial p hyseal f ractures a re r are i njuries t hat 
usually occur w ith a h igh-energy mechanism, often during 
sports [72,73]. Because the popliteal artery is tethered pos-
teriorly and t he spike of t he metaphyseal f ragment in t hese 
fractures d isplaces p osteriorly, a rterial i njury s hould b e 
evaluated w henever t his f racture i s en countered [72,74,75]. 
X-rays should be obtained. ἀ e diagnosis is easily made if the 
fracture is displaced, but it is possible for the fracture to have 
spontaneously reduced or to have been reduced by coaches, 
parents, o r m edical p ersonnel p rior t o p resentation t o t he 
emergency department (Figure 20.3.38) [72,74,75]. Due to the 
risk o f a rterial i njury a t t he t ime of i njury, promp d iagno-
sis of this fracture is important. Ankle-brachial index mea-
surement and f requent monitoring for arterial insufficiency 
is important. Angiography should be considered if there are 
any concerns for arterial injury. Compartment syndrome 
and p eroneal n erve i njury a re a lso p otential c omplications 
of t hese i njuries [72]. R eduction i n t he em ergency d epart-
ment m ay b e c onsidered i f t here i s no neurovascular c om-
promise. I f there is concern for a v ascular injury, reduction 
should be performed in the operating room under anesthesia. 
If the fracture is unstable after reduction, crossed pins may be 
placed to stabilize the fracture. A long leg cast is applied and 
can be bivalved if there are concerns for swelling or compart-
ment syndrome.

Tibial shaft fractures

ἀ ere is a wide spectrum of tibial shaft fractures encountered 
in children. ἀ e “toddler’s fracture” occurs most frequently in 
children under 3 years old during a relatively benign twisting 
mechanism that often is not witnessed by parents and leaves 
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(a) (b)

(c) (d)

Figure 20.3.36 (a) and (b) Radiographs of an 8-year-old female with a type 3 tibial spine fracture. (c) and (d) The fracture 
was treated with arthroscopic suture and screw fixation within the epiphysis to avoid injury to the proximal tibial physis. 
Radiographs show advanced healing at 4 months postoperatively.
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the child limping. X-rays may initially be normal or may show 
a nondisplaced spiral f racture of the d istal t ibial metaphysis 
[76]. ἀ ese are stable injuries and are treated with immobiliza-
tion in a weight-bearing cast or walking boot for 3–4 weeks.

Tibial s haft fractures i n t he o lder a dolescent a re m ore 
often associated with high-energy trauma. Due to the subcu-
taneous nature of the anterior tibia, these fractures are often 
open. Depending on the severity of the injury, examination 
may show significant deformity and swelling. Risk for com-
partment syndrome is h igh [77], so careful attention to t he 
degree o f s welling a nd n eurovascular s tatus o f t he l eg a nd 
foot is necessary. X-rays are usually adequate to diagnose this 
injury and plan management (Figure 20.3.39). If the fracture 
line extends distally, a C T may be ordered to assess the dis-
tal t ibial a rticular s urface. I f t he f racture i s o pen, a ntibiot-
ics s hould b e s tarted i mmediately a nd a t entanus b ooster 
should be given if immunization status is not known or is not 
up-to-date. C ultures a re not  i ndicated [78–81]. ἀ e w ound 
should b e i rrigated i n t he em ergency d epartment a nd t he 
fracture immobilized in a splint. If the fracture is closed, it 
may be reduced and splinted in the emergency department. 
Patients are usually admitted for observation due to the risk 
of compartment syndrome [77]. Treatment may be continued 
in a cast if the fracture is stable [82,83]. Surgical treatment 
is indicated if the fracture is open, unstable, or malaligned. 
Surgical treatment varies with the age of the child. In older 

adolescents a nd adults, t reatment of t ibial shaft fractures i s 
usually with a r igid intramedullary nail. Since this requires 
an entry point through the proximal tibia, use of a rigid nail 
should be avoided in children with open physes. Flexible 
nails w ith en try p oints a t t he m edial a nd l ateral p roximal 
tibial metaphysis d istal to t he physis m ay b e u sed to s tabi-
lize tibial shaft fractures in children with growth remaining 
[83–87]. Stabilization of tibial fractures with external fixation 
is usually reserved for skeletally immature patients with com-
minuted f ractures a nd p atients w ith s ignificant s oft tissue 
injury, such as from an open fracture.

Ankle fractures

Ankle f ractures a re very common f ractures i n t he pedi-
atric a nd adolescent population. Physical examination i s 
very i mportant i n e valuation o f t hese i njuries i n g row-
ing children, as many occur through the physis and have 
benign appearing x-rays. In general, if a patient with open 
physes has tenderness over the distal tibial or distal fibu-
lar physis, he should be treated for a fracture with immo-
bilization and restricted weight bearing. Follow-up x-rays 
in 10–14 days can usually confirm the presence of a f rac-
ture w ith evidence of periosteal reaction. I f t he patient’s 
pain is greatest in the region of the lateral ankle ligaments 
or t he d eltoid l igament, h e m ay b e t reated f or a n a nkle 

(a) (b)

Figure 20.3.37 (a) and (b) Radiographs of a 14-year-old male who sustained a displaced, comminuted tibial tuberosity 
fracture resulting in patella alta while playing basketball. His fracture was treated with open reduction and screw fixation.
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sprain with early range of motion and weight bearing as 
tolerated.

Ankle f ractures a ssociated w ith a n a nkle d islocation 
should be reduced and splinted immediately. Postreduction 
x-rays are i mportant to a ssess the r eduction, particularly 
if nonoperative or delayed operative t reatment i s planned. 
Particularly i n young children, c losed reduction a nd c ast-
ing m ay b e a ppropriate t reatment. I n o lder c hildren w ith 
adult-type f racture p atterns, o perative t reatment i s o ften 
recommended.

Fractures of the distal tibial physis are common. Salter-
Harris II fractures occur in younger patients. ἀ e epiphysis 
and its ἀ urston Holland fragment is often displaced poste-
riorly allowing the metaphyseal spike of the proximal frag-
ment to impinge on the anterior soft tissues. ἀ is can cause 
compression o r i ncrease p ressure i n t he s pace u nder t he 
extensor r etinaculum, r esulting i n “ extensor r etinaculum 
syndrome” [88]. ἀ e extensor hallucis longus (EHL) muscle, 
the tendons of the anterior compartment muscles, and the 
deep peroneal nerve l ie under the extensor retinaculum at 

(b)(a)

(c) (d)

Figure 20.3.38 (a) and (b) Radiographs of a 13-year-old male who was injured when he was struck in the left leg while 
playing football and developed compartment syndrome. There is a subtle irregularity at the proximal tibial physis best 
seen on the lateral image, representing a Salter-Harris I fracture. (c) and (d) The patient underwent fasciotomies for treat-
ment of his compartment syndrome and percutaneous pinning of his proximal tibial physeal fracture.



312 Lower extremity fractures

the level of t he f racture. C onsequently, e xtensor retinacu-
lum syndrome disproportionately affects t he EHL and t he 
deep p eroneal n erve, r esulting i n w eakness o f t he E HL, 
pain w ith p assive s tretch o f t he g reat t oe, a nd d ecreased 
sensation i n t he first webspace [89]. Treatment consists of 
fracture reduction and, if symptoms persist, opening of the 
extensor retinaculum and internal fixation of the fracture.

Triplane a nd Tillaux f ractures a re intra-articular d is-
tal tibial physeal fractures occurring in adolescents when 
their distal tibial physes are closing. ἀ e distal tibial phy-
sis has a predictable pattern of closure, progressively clos-
ing  centrally, t hen medially, and finally laterally. Tillaux 
fractures a re S alter-Harris I II f ractures of t he a nterolat-
eral distal tibia that occur through the region of the phy-
sis that is still open in adolescent patients with an external 
rotation mechanism [90]. ἀ e fracture should be reduced 
with internal rotation and splinted [90]. A CT is obtained 
to d etermine t he d egree o f d isplacement a nd s tep-off at 
the articular surface after reduction. If >2 mm of articular 
step-off or d isplacement r emains a fter r eduction, s urgi-
cal treatment is usually recommended. Triplane fractures 
occur i n t he s ame a ge g roup a nd w ith a s imilar mecha-
nism a s T illaux f ractures. U nlike T illaux f ractures, t ri-
plane fractures may be two-, three-, or four-part fractures 
and i nvolve t he a rticular s urface a nd e xtend i nto t he 
distal t ibial m etaphysis a s i s t ypical i n S alter-Harris I V 
fractures (Figure 20.3.40). A CT is recommended to assess 
the displacement and the fracture pattern at the articular 
surface for surgical planning. Displaced Tillaux a nd t ri-
plane fractures are usually treated operatively with closed 
or open reduction and internal fixation with screws.

Foot fractures

Talus f ractures a re r are i n c hildren a nd m ay o ccur 
through both high- and low-energy mechanisms [91,92]. 
ἀ ey o ften o ccur d uring a f all f rom a s ignificant h eight 
that d orsiflexes t he a nkle, a llowing t he t alar n eck t o 
impinge a gainst t he a nterior a spect o f t he d istal t ibia. 
Care must be t aken to look for other i njuries due to t he 
severe t rauma r equired t o c ause t his f racture. S evere 
swelling m ay b e p resent, s o c ompartment s yndrome o f 
the foot should b e considered. Standard AP, l ateral, a nd 
oblique x-rays of the foot should be obtained. A CT and/
or M RI s hould b e o btained t o b etter a ssess t he f racture 
pattern a nd d isplacement. A n M RI m ay b e e specially 
helpful in young children since much of their talus is still 
cartilage. Treatment of talus fractures depends on the age 
of t he c hild, t he f racture p attern, a nd i ts d isplacement. 
Younger children have t he p otential to remodel, s o a na-
tomic reduction and stabilization of the fracture may not 
be required. talar fractures in adolescents are more com-
monly t reated s urgically w ith r ecommendations s imilar 
to those for treatment of adult fractures. Avascular necro-
sis o f t he t alar b ody a nd p osttraumatic a rthritis a re t he 
most significant complications of talar fractures [91,92].

Lisfranc i njuries a re i njuries t o t he t arsometatarsal 
(TMT) joint that occur most commonly with motor vehi-
cle accidents and falls [93–95]. Sports account for more of 
the lower-energy Lisfranc i njuries, such as when a nother 
player l ands on a f ootball l ineman’s heel w hen t he a nkle 
is p lantarflexed a nd t he t oes a re d orsiflexed o r w hen a n 
equestrian g ets h is f oot c aught i n t he s tirrup [ 96]. ἀ e 
Lisfranc l igament r uns f rom t he b ase o f t he 2 nd m eta-
tarsal t o t he m edial c unieform. L isfranc i njuries c an b e 
a p artial or c omplete t ear o f t he L isfranc l igament or a n 
injury that avulses the ligament with a piece of bone, usu-
ally f rom i ts a ttachment t o t he b ase o f t he 2 nd m etatar-
sal. On examination, significant swelling and bruising on 
the plantar surface of t he foot should raise concern for a 
Lisfranc i njury [97]. X-rays may b e normal i f i t i s a l iga-
mentous injury. Standing x-rays should be obtained if non-
weight-bearing x-rays are normal and a L isfranc injury is 
suspected. Widening of more than 2 m m between the 1st 
and 2nd metatarsal bases is suggestive of a Lisfranc injury 
(Figures 20.3.41 and 20.3.42). Standing x-rays of the unin-
jured foot should also be obtained for comparison [96]. CT 
and/or MRI may also be helpful in evaluating this injury. 
CT may show a small avulsion fracture of the Lisfranc lig-
ament from the 2nd metatarsal. MRI may show disruption 
of t he l igament i tself [ 98]. S prains a re g enerally t reated 
with i mmobilization a nd restricted weight bearing for at 
least 6 weeks. Displaced fractures or ligamentous injuries 
are t ypically t reated w ith c losed o r o pen r eduction a nd 
stabilization with either k-wires or screws [96].

(a)

Portable
Trauma

(b)

Portable
Trauma

xtable lateral

Figure 20.3.39 (a) and (b) Radiographs of an 8-year-old 
male who sustained a comminuted tibial shaft fracture 
when he was struck by a car while riding his bicycle.
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(g)

(a) (b) (c)

(d) (e) (f)

Figure 20.3.40 (a) and (b) Radiographs of a 9-year-old female who sustained a triplane fracture of her left ankle while 
 skating. (c)–(e) CT images of her ankle were obtained to determine the pattern and displacement of her fracture. Figure 
15a is an axial view through the epiphysis. Figure 15b is an axial view through the metaphysis. Figure 15c is a coronal 
image showing the displacement of the fracture in the epiphysis. (f) and (g) The fracture was treated with open reduction 
and screw fixation.
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(a)

WB

(b)

(c)

Figure 20.3.41 (a)–(c) Radiographs of a normal foot showing the normal relationship of the medial border of the second 
metatarsal aligning with the medial border of the middle cuneiform on the AP view and the medial border of the fourth 
metatarsal aligning with the medial border of the cuboid on the oblique view.
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(f)

WB

(e)

WB

(a) (b) (c)

(d)

WB

Figure 20.3.42 (a)–(c) Radiographs of a 13-year-old female who sustained a Lisfranc injury when she fell from a zip line. In 
addition to the fracture at the base of her second metatarsal, notice that the medial border of the second  metatarsal does 
not line up with the medial border of the middle cuneiform on the AP view, indicating a Lisfranc injury. The medial border 
of the fourth metatarsal does line up with the medial border of the cuboid on the oblique view. (d)–(f) The fracture was 
treated with screw fixation of the Lisfranc joint (medial cuneiform-base of the second metatarsal) and of the first metatar-
sal–medial cuneiform joint. Radiographs obtained 6 months postoperatively show healing of her fractures.
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Pediatric hand trauma

JEFFREY G. TROST, Jr., ANN L. LICHT, JOHN D. POTOCHNY, and LARRY H. HOLLIER, Jr.

Introduction

Pediatric h and t rauma r emains s omewhat o f a b lack b ox 
even to the most experienced traumatologist. In the multi-
system trauma, life-threatening injuries must be addressed 
ἀrst. However, for best long-term results hand injuries 
must be recognized early, and the hand surgeon should be 
involved as soon as possible. This is especially true for open, 
vascular, or potential nerve injuries. Keep in mind that, due 
to the peripheral location of the hand, the hand surgeon can 
usually perform at least temporizing procedures while t he 
trauma surgeon or neurosurgeon operates on the trunk or 
head.

History

Publications depicting the anatomy and function of the 
hand a s a c linical en tity ἀ rst a ppeared i n t he n ineteenth 
century w ith m ajor c ontributions f rom S ir C harles B ell’s 
treatise “The Hand—Its Mechanism and Vital Endowments 
as Envincing Design” in 1834 and Duchenne’s “Physiology 
of M otion” i n 1 867. H owever, i t w as n ot u ntil t he p re-
World War II era that small groups of general surgeons in 
America r ecognized t he c onsequences o f h and d isability 
and s trove t o c ultivate t he ἀe ld o f h and t rauma. Through 
pioneering e fforts a cross t he c ountry—from K anavel a nd 
Koch of Chicago; Bunnell of San Francisco; Blair and Barret 
Brown of St. Louis; and Webster, Auchincloss, and Cutler of 

New York—the specialty of hand surgery began to evolve. 
With Cutler’s 1942 publication “The Hand. Its Diseases and 
Disabilities” and Bunnell’s “Surgery of the Hand” in 1944, 
hand surgery was ἀ rmly established as a t rue and distinct 
surgical specialty [1].

Literature

Excellent basic overviews c an b e found i n b oth t he emer-
gency m edicine a nd t he p ediatric l iterature. Though pub-
lished i n 1 998, A blove, M oy, a nd P eimer’s “ Pediatric 
Surgery f or t he P rimary C are P ediatrician, Part I I” i n 
Pediatric Clinics of North America r emains a u seful t ool 
for the basic evaluation and treatment of a v ariety of hand 
injuries in children [2]. They also include recommendations 
on what studies to perform and when to consult a s pecial-
ist. A dditionally, Ha rrison a nd H illiard i n “ Emergency 
Department E valuation a nd Treatment o f Ha nd I njuries” 
in Emergency Medicine Clinics of North America, November 
1999, provide further detail in the appraisal of speciἀc inju-
ries [3]. Although both papers are the reviews rather than 
actual studies, they provide a quick reference of the gener-
ally accepted standard of care for most acute hand injuries. 
For greater detail on how to perform common emergency 
room procedures of the hand, Henretig and King’s second 
edition of Textbook of Pediatric Emergency Procedures, pub-
lished in 2008, provides thorough step-by-step instructions 
with illustrations [4].
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It i s i mportant t o n ote t hat w hen c ompared t o a dults, 
children d emonstrate a n e xceptional r egenerative a bility 
that allows for great ingenuity in both surgical and nonsur-
gical treatment. Because of this, new treatment techniques 
are constantly pioneered, and close attention to the evolving 
literature on hand trauma will help make one aware of new 
treatment options and recommendations.

Diagnosis of hand injuries

Clinical assessment

After initial stabilization of the patient following Advanced 
Trauma Life Support (ATLS) guidelines, a complete history 
and physical focusing on t he entire upper e xtremity must 
be performed.

History s hould i nclude b asic i nformation such as the 
child’s a ge, d ominant h and, a nd a ny p rior i njury t o t hat 
extremity. S peciἀc i nformation r elating t o t he a ccident 
including when and where it happened, the mechanism of 
injury, t he p osition of t he hand at t he t ime of i njury, a nd 
treatment received thus far is invaluable in formulating fur-
ther treatment plans. A general medical and surgical history 
including tetanus immunization, current medications, and 
allergies should be obtained as well.

A focused physical exam follows. Expose the entire upper 
extremity including the shoulder and neck. Note the color 
of the hand as well as any swelling or edema and whether 
it i s generalized or localized to speciἀc areas. Observe t he 
position of the upper extremity and determine any abnor-
mality in its positioning. Both active and passive motion of 
the hand, ἀ ngers, a nd w rist should be checked a nd docu-
mented, as should sensation and vascularity.

To perform an accurate and detailed physical exam spe-
ciἀc to the hand requires an exhaustive knowledge of hand 
anatomy and k inetics. K nowing t he location and f unction 
of each component will help direct the physician’s thinking 
during clinical assessment. A review of anatomy including 
muscles, tendons, nerves, and vascular supply is appropriate 
at this point.

Extrinsic muscle flexors

The bellies of the extrinsic muscles are located in the fore-
arm with the flexors residing on its volar surface. The flexor 
pollicis longus (FPL) a ttaches to t he d istal phalanx of t he 
thumb and bends both the metacarpophalangeal (MP) and 
interphalangeal (IP) joints of the thumb. The flexor digito-
rum profundus (FDP) attaches to the distal phalanx of each 
ἀnger and bends all joints. It has a common muscle belly for 
the small, ring, and long ἀngers and usually an independent 
muscle for the index ἀnger. The flexor digitorum superἀcia-
lis or sublimus (FDS) attaches to the middle phalanx of the 
ἀnger and bends the MP and the proximal interphalangeal 
(PIP) joints of the ἀngers. The FDS has independent muscle 
bellies for each ἀ nger; however, t he muscle tendon unit to 
the little ἀnger may be small or even absent. These anatomic 

differences a llow f or s peciἀc t esting o f e ach m uscle o n 
physical exam. The FDP can be tested by asking the patient 
to bend the ἀnger at the distal interphalangeal (DIP) joint 
while the PIP joint is stabilized in extension by the exam-
iner. Conversely, asking the patient to bend the ἀnger at the 
PIP joint while the other joints are stabilized in extension 
can test the FDS.

In a young or unconscious child who cannot cooperate 
with an examination, the flexors can be indirectly evaluated 
by o bserving t he d igital c ascade a nd t he t enodesis e ffect. 
When the hand is in a resting position, the digits have a 
cascade of progressively i ncreasing flexion f rom t he i ndex 
through t he l ittle ἀ nger (Figure 21.1). The tenodesis e ffect 
can b e o bserved b y p assively flexing a nd e xtending t he 
wrist. As the wrist moves from flexion to extension, intact 
flexors are placed under tension, causing the ἀngers to flex 
into their normal cascade. One may a lso squeeze the fore-
arm, causing flexion of the digits with intact flexor tendons.

Injuries may occur anywhere along the course of the ten-
don, which has been d ivided into zones t hat d iffer in ten-
don phenotype, underlying anatomy, and approach as well 
as response t o t reatment (Figure 21.2) [5]. Z one I e xtends 
from t he ἀ ngertip to t he middle phalanx just d istal to t he 
insertion o f t he F DS. Z one I I t hen b egins a nd e xtends t o 
the d istal p almar c rease. This z one n otoriously c ontains 
an essential pulley system that prevents bowstringing of 
the tendons upon flexion. Injuries in this zone have the 
worst p rognosis d ue t o a dhesion f ormation a nd f ailure o f 
the tendon to g lide within the pulley system. Zone III l ies 
between the distal and proximal palmer creases, while well 
as Zone IV contains the carpal tunnel, extending from the 
proximal palmar crease to t he d istal w rist c rease. Z one V 
extends proximally from the distal wrist crease.

Extrinsic muscle extensors

The extrinsic extensor tendons are arranged in six discrete 
compartments over the dorsum of the wrist that are sepa-
rated b y r etinacular a ttachments t o t he r adius a nd u lna 
bones (Figure 21.3a). The ἀrst dorsal compartment contains 
the a bductor p ollicis l ongus ( APL) a nd e xtensor p ollicis 
brevis (EPB). The muscles of t his compartment contribute 
to abduction of the thumb. The second dorsal compartment 
contains the extensor carpi radialis longus (ECRL) and the 
extensor carpi radialis brevis. Both extend the wrist while 
the E CRL a lso c auses r adial d eviation. The t hird d orsal 
compartment c ontains t he e xtensor p ollicis l ongus ( EPL). 
The EPL lifts the thumb vertically with the palm flat down 
on a s urface. The fourth dorsal compartment contains the 
extensor d igitorum c ommunis ( EDC) a nd t he e xtensor 
indicis proprius (EIP). The EDC is a common muscle belly 
that extends all four ἀngers while the EIP extends only the 
index ἀ nger. The ἀ fth compartment contains t he extensor 
digiti minimi (EDM) which extends the little ἀnger, and the 
sixth d orsal c ompartment, c ontaining t he e xtensor c arpi 
ulnaris ( ECU), c ontributes t o w rist e xtension a nd u lnar 
deviation.
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Just a s t he flexor t endons m ay b e d ivided i nto longitu-
dinal zones, so too are the extensor tendons (Figure 21.3b). 
This classiἀcation, described by Kleinert and Verdan, illus-
trates eight zones of injury relative to underlying structures 
and joints that help guide treatment [6].

Neurological evaluation

Neurological e valuation o f t he p ediatric h and v aries 
depending u pon t he a ge, w illingness t o c ooperate, a nd 
state of consciousness of the child. Ideally, both motor and 
sensory e xams c an b e t horoughly completed. Full consid-
eration must include three major nerves that innervate the 
hand, namely, the median, ulnar, and radial nerves.

The median nerve originates from the medial and lateral 
cords of the brachial plexus. It enters the forearm through 
the pronator teres muscle and i nnervates t he flexor carpi 
radialis (FCR), palmaris longus (PL), the FDS to all ἀngers, 
the FDP to t he i ndex a nd long ἀ ngers, t he FPL, a nd both 
forearm p ronators. I t en ters t he h and t hrough t he c arpal 
tunnel a nd i nnervates t he t henar m uscles i ncluding t he 
abductor pollicis brevis, the radial half of the flexor pollicis 
brevis (variable), the opponens pollicis, and the lumbricals 
to the index and long ἀngers. Test motor function by having 
the patient pinch the thumb and index ἀnger while palpat-
ing the contraction of the thenar muscles.

The u lnar n erve o riginates f rom t he m edial c ord o f t he 
brachial p lexus a nd enters t he forearm just p osterior to t he 
medial epicondyle between the two heads of flexor carpi ulna-
ris (FCU). It innervates the FCU and the FDP to the ring and 
little ἀngers. The ulnar nerve enters the hand through Guyon’s 
canal a nd i nnervates t he abductor d igiti m inimi, t he hypo-
thenar muscles (flexor digiti minimi, opponens digiti minimi, 
and abductor d igiti minimi), t he lumbricals to t he r ing a nd 
little ἀngers, all of the interossei, and the adductor pollicis. It 
may also innervate all or the ulnar half only of the flexor pol-
licis brevis. Test the ulnar nerve by having the patient either 
spread the ἀngers out against resistance or by crossing the ἀn-
gers, both of which require proper functioning of the intrinsic 
muscles. This should be compared to the contralateral hand.

Flexed cascade

Distal interphalangeal joint

Proximal interphalangeal joint

Distal palmar crease
(Metacarpophalangeal joint)

Figure 21.1 A normal cascade with increasing flexion from the index through small fingers.

Zone I

Zone II

Zone III

Zone IV

Zone V

Figure 21.2 The flexor tendon zones of the hand.
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The radial nerve originates from the posterior cord of the 
brachial plexus and enters the forearm through the supina-
tor muscle. I t i nnervates t he s upinator, E DC, E DM, E CU, 
APL, EPL, EPB, and EIP. Test motor function by having the 
patient extend the wrist and ἀngers.

Furthermore, t hese n erves p rovide s ensory i nforma-
tion from well-deἀned distributions along the volar and 
dorsal s urfaces o f t he h and ( Figure 2 1.4). A ssessing t he 
appropriate distribution is important with injuries proxi-
mal t o t he w rist w here t he m ain t runks o f t hese n erves 
may be severed. Sensation from the median nerve is best 
tested on the radial side of the index ἀngertip. The ulnar 
nerve s hould b e a ssessed a t t he u lnar s ide o f t he l ittle 
ἀngertip w hile t he r adial n erve i s e valuated b y t ouch-
ing the dorsum of the hand between the ἀrst and second 
metacarpals.

The digital nerves travel on the volar aspect on each side 
of the ἀngers. Sensation from these nerves is ideally tested 
using t he t wo-point d iscrimination t est. This i s a ccom-
plished by bending a p aper clip so its t ips are about 5 m m 
apart, a s n ormal t wo-point d iscrimination i s l ess t han o r 
equal to 5 m m. On both t he radial a nd u lnar side of each 
digit, touch the child’s ἀnger with just enough pressure to 
cause skin blanching with either one or two points. Inability 
to d iscriminate o ne p oint f rom t wo w ith r epeated t esting 
may indicate a n injury. However, it should be emphasized 
that in children it i s often d ifficult to obtain t he degree of 
attention and cooperation necessary to perform this exam 
reliably. In these situations, when the location of the injury 
makes nerve transection likely, operative exploration is 
recommended.

Vascular examination

The r adial a nd u lnar a rteries supply t he hand. A g eneral 
vascular exam is accomplished by checking both pulses at 
the level of t he w rist on t he volar surface a long w ith t he 
color o f t he s kin a nd t he c apillary r eἀll a t t he n ailbeds. 
Within the hand, these vessels usually anastomose to one 
another v ia a d eep a nd s uperἀcial a rch. Therefore, i n a n 
emergency situation, one of these arteries may usually be 
ligated w ithout t hreat o f h and i schemia. Ten t o 1 5% o f 
patients do not have an intact arch system and may require 
both v essels t o p erfuse t he h and. This c an b e c onἀrmed 
with the Allen test (Figure 21.5). The examiner compresses 
both vessels at the wrist, then the patient opens and closes 
the hand several times to fully exsanguinate it. One vessel 
is then released, and the hand is assessed for its vascularity 
with return of blood flow and color. This is then repeated 
with t he o ther v essel. F ailure o f t he h and t o r eestablish 
normal capillary reἀll (normal <3 s) with either the radial 
or ulnar a rtery i ndicates t he l ikelihood of an i ncomplete 
vascular a rch a nd d ependence o n b oth r adial a nd u lnar 
arteries.

The d eep p almar a rch g ives o ff the p almar m etacarpal 
arteries. These, in turn, become the digital arteries that 
travel a longside c orresponding d igital n erves a long t he 
volar aspect of each side of the ἀngers. The ulnar artery sup-
plies two additional named arteries that supply the thumb 
muscle and index ἀnger, namely, the princeps pollicis artery 
and t he r adialis i ndicis a rtery, r espectively. The p rinceps 
pollicis artery runs between the flexor pollicis brevis muscle 
and the tendon of the FPL while the radialis indicis artery 
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Figure 21.3 (a) The six extensor compartments of the wrist. (b) The extensor tendon zones of the hand. (Courtesy of Texas 
Children’s Hospital, Houston, Texas.)
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travels along the radial side of the index ἀnger. Finally, ten-
dons receive their blood supply in the digits from vincula, 
folds o f m esotendon t hat c ontain s mall b lood v essels a nd 
may additionally act as anchors to prevent proximal retrac-
tion of a severed tendon. When there is a question of injury, 
a Doppler should be used to test for a signal.

Other diagnostic tests

Very f ew d iagnostic m odalities a dd s igniἀcantly t o t he 
astute clinical exam in the acute situation. However, in 
accordance with the American College of Radiology (ACR) 
Appropriateness C riteria® ( last r eviewed F ebruary 2 015), 

Sensor nerves

Median

Ulnar

Radial

Figure 21.4 The sensory distribution of the hand.

Figure 21.5 The Allen test. (Courtesy of Texas Children’s Hospital, Houston, Texas.)
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plain three-view radiographs [posteroanterior (PA), lateral, 
and oblique] t hat include the joints immediately proximal 
and distal to the area of trauma can be helpful and are usu-
ally i ndicated. They a re e specially u seful i n p enetrating 
trauma or when there is a question of a f racture or foreign 
body. X-rays s hould b e o rdered s peciἀcally o f t he a rea i n 
which an injury is suspect, as simply ordering “hand x-rays” 
often r esults i n i nadequate v isualization o f t he a rea o f 
trauma. In the child it may also be helpful to obtain an x-ray 
of the contralateral uninjured hand. Due to the differences 
in the rate of growth and ossiἀcation, confusion may arise 
regarding n ormal v ersus a bnormal a natomy. C omparing 
x-rays from both hands may clarify this.

In general, the ACR does not recommend CT imaging for 
the initial assessment of hand trauma. CT without contrast 
is recommended only for surgical planning or when clinical 
suspicion of a fracture remains high despite equivocal x-ray 
ἀndings. L ow-ἀeld M RI i s l ess s ensitive t han r adiographs 
for hand and ἀnger fractures, and its role is limited to cases 
where s peciἀc s oft-tissue a bnormalities o f t endons, l iga-
ments, and the pulley system are expected [7].

Angiograms a re rarely i ndicated i n hand t rauma. Even 
in cases with signiἀcant bleeding, the situation can usually 
be managed with direct pressure and operative explora-
tion under tourniquet control. Information obtained f rom 
an a ngiogram r arely c hanges m anagement, p articularly 
as em bolization i s a lmost n ever p erformed i n t he u pper 
extremity due to the risk of distal ischemia. An angiogram 
may be helpful in proximal penetrating wounds with a sus-
picion o f v ascular i njury. K nowledge o f t he s everity a nd 
location o f t he i njury m ay f acilitate p roximal e xposure, 
which can be difficult.

Treatment of hand injuries

Anesthesia

In the emergency room setting, local anesthesia can be used 
in a v ariety of ways. The most common are digital blocks, 
wrist b locks, a nd h ematoma b locks. L ocal a nesthesia c an 
also be combined with conscious sedation. In this case, the 
child’s re spiration a nd o xygen s aturation m ust b e m oni-
tored carefully, and equipment and skilled personnel must 
be available to control the airway throughout the procedure.

Historically, l ocal a nesthetic w ith 1 % o r 2 % o f p lain 
lidocaine w ithout e pinephrine w as c onsidered t he m ost 
appropriate m ethod. The t raditional c ustom o f w ith-
holding e pinephrine s tems f rom t he t heoretical r isk o f 
epinephrine-induced digital necrosis. There are 21 reported 
cases, m ost w ithin t he ἀ rst h alf o f t he t wentieth c entury, 
of d igital n ecrosis a fter l ocal i njection w ith p rocaine a nd 
epinephrine [ 8]. H owever, r ecent c omprehensive r eviews 
of l iterature f rom a round t he w orld h ave r evealed n ot a  
single r eport o f ἀ nger n ecrosis a fter t he u se o f l idocaine 
with epinephrine [ 8,9]. In their 2012 publication entitled 
“Epinephrine and Hand Surgery,” Tobias Mann and Warren 
C. Ha mmert s ummarize t he w ealth o f r etrospective, 

prospective, and randomized double-blind studies that have 
recently s upported i ts s afety [ 10]. M oreover, t he a uthors 
suggest b eneἀts o f u sing e pinephrine i n l ocal a nesthetic 
that i nclude i mproved h emostasis d uring p rocedures, a 
decreased n eed f or t ourniquet u se a nd s edation, a nd a n 
increased d uration o f t he a nalgesic e ffect i n t he p ostop-
erative p eriod. Avoiding s edation t heoretically a llows t he 
physician to intraoperatively assess active range of motion. 
However, literature is lacking as to whether or not epineph-
rine improves outcomes in h and t rauma patients. Until 
clinical trials are performed to measure differences in cost, 
complication r ate, a nd p atient s atisfaction, no  o fficial re c-
ommendations on the use of lidocaine with or without epi-
nephrine exist.

Digital blocks, the most common nerve block used by ED 
physicians f or m inor w ounds, c an b e c arried o ut b y e ither 
the volar or dorsal approach. The dorsal approach, described 
here, is the preferred method, as injection through the thicker 
palmar skin t ypically e licits much more pain (Figure 21.6). 
A 25- or 27-gauge needle is inserted at the dorsal base of the 
web space just distal to the metacarpal–phalangeal joint. A 
skin w heal i s m ade w ith 1–2 m L o f a nesthetic i n t his a rea 
to b lock t he dorsal s ensation s upplied by t he dorsal d igital 
nerve. The needle is then advanced toward the palm until its 
tip i s palpable beneath t he volar skin just d istal to t he web 
space. Another 1–2 mL is injected to block the palmar digital 
nerve. This procedure is repeated on the opposite side of the 
digit to ensure anesthesia of all four digital nerves.

Wrist b locks provide coverage of t he median, u lnar, a nd 
radial nerves all together to provide a broad anesthetic useful 
for hand procedures. Physical exam checking for perfusion, 
sensation, a nd m otor n erve f unction s hould b e p erformed 
prior to injection of the anesthetic, and the surface of the wrist 
and palm should be d isinfected. The speciἀc domains anes-
thetized by blocking each nerve were previously illustrated in 
Figure 21.4. The anatomy of these nerves and the approach to 
blocking each one are described separately below.

The m edian n erve en ters t he p alm t hrough t he c arpal 
tunnel at a location deep to the PL tendon and between the 
tendons of the FDS and FCR. One can identify the protrud-
ing tendon of the PL by having the patient oppose the thumb 
and little ἀnger while flexing the wrist a gainst resistance. 
Insert the needle just radial to the PL tendon at the level of 
the proximal flexor wrist crease and directed distally at an 
angle 30° f rom perpendicular (Figure 21.7). In individuals 
who lack the PL tendon, the injection is made 5 mm medial 
to tendon of the FCR. A “click” may be felt as the flexor reti-
naculum is penetrated by the needle. If a paresthesia is elic-
ited (while blocking any nerve), retract the needle slightly 
before injected 2–3 mL of anesthetic.

As t he u lnar n erve r uns t hrough t he m iddle f orearm, 
it t ravels b etween t he muscle b ellies of t he F DP a nd FCU 
muscles. Just proximal to the wrist it gives off both a palmar 
and dorsal cutaneous branch. As the ulnar nerve enters the 
wrist, it passes between the tendon of the FCU and the ulnar 
artery at a l ocation d eep t o the a rtery. The u lnar nerve i s 
anesthetized by inserting t he needle at t he proximal w rist 
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crease just medial and dorsal to the tendon of the FCU in an 
orientation parallel to the wrist crease (Figure 21.7). Dorsal 
sensory branches are ἀeld blocked by subcutaneous inἀltra-
tion along the entire dorsum of the wrist.

The radial nerve approaches the wrist a long the ventral 
and radial forearm. However, as it continues more distally, 
the r adial ne rve d evelops le ss p redictable a natomy a nd 
gives off many smaller cutaneous branches in the wrist. The 
radial nerve block is essentially a ἀe ld block with subcuta-
neous inἀltration along a cuff-like distribution, from a loca-
tion just proximal to the radial styloid to the dorsal midline 
of the wrist (Figure 21.7).

Hematoma blocks involve directly inἀltrating local anes-
thetic into the hematoma of a fracture site and are most often 
used when performing closed reduction of a fracture. They 
may be used in conjunction with digital or wrist blocks.

Tourniquets

A t ourniquet s hould a lmost a lways b e u sed d uring t he 
repair o f h and i njuries t o c ontrol b leeding. I t m ay b e 
deflated o r r eleased a t v arious t imes d uring t he p roce-
dure t o a ssess v ascular p erfusion a fter a n a nastomosis 
or t o a ssess h emostasis p rior t o c losure. The t ourniquet 
used most frequently is the upper arm tourniquet. Several 
layers of soft cast padding are wrapped around the upper 
arm and a s tandard pneumatic tourniquet placed over it. 
Traditionally, g uidelines s tate t hat t he w idth o f t he c uff 
should e qual t he d iameter o f t he a rm, b ut s tudies b y 
Crenshaw e t a l. a nd Ha rgens e t a l. s uggest w ider c uffs 
allow a l ower p ressure t o b e u sed w ith t he s ame e ffect 
[11,12]. Disposable blood pressure cuffs are appropriately 
sized for infants and children.

Figure 21.6 The dorsal approach to digital blocks. (Courtesy of Texas Children’s Hospital, Houston, Texas.)
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Typical pressures needed in children range from 150 to 
260 mmHg, with 200 mmHg being the most common. Most 
hand surgeons will allot a maximum of 120 min of tourni-
quet time. After this, a period of reperfusion of 15–20 min 
with the tourniquet deflated is needed for the body to read-
just pH in response to the ischemia. As a rule, 5–10 min of 
reperfusion are needed for every 1 h of tourniquet time.

Finger tourniquets a re t ypically u sed i n t he emergency 
room setting for digital procedures. After the instillation of 
local anesthesia, a 0.25-in Penrose drain is wrapped around 
the ἀ nger d istally t o p roximally t o e xsanguinate i t, t hen 
clamped to itself at the base of the ἀnger to achieve a tour-
niquet (Figure 21.8). Salem has described cutting the ἀnger 
from a s terile rubber glove, stretching it over the operative 
digit, and rolling it proximally once the tip has been cut off 
to form a ring at the base of the ἀnger [13]. In practice, it is 
usually easier to place the entire glove on the hand, then cut 
the t ip of t he ἀnger off the g love and roll this proximally. 
Keep in mind that excessive pressure can easily be generated 
using these ἀnger tourniquets. They should only be used for 
very short procedures.

Tendon injuries

Assessment o f t endon i njuries o ften r elies h eavily o n t he 
physical e xam, a s c hildren t end t o b e l ess c ommunicative 
about the events of the injury. After an initial survey look-
ing f or l acerations, d eformities, o r s igns o f b leeding, t he 
child should be coached into active movement of each ten-
don s uspected t o b e i nvolved i n t he i njury. A lternatively, 

observation of tenodesis and t he d igital cascade described 
previously can often reveal injured tendons. Flexor tendon 
injuries are commonly associated with neurovascular injury 
while extensor tendon injuries may involve intra-articular 
injury [14]. Complete work-up must consider these entities 
as well.

Extensor i njuries a re more c ommon g iven t heir s uper-
ἀcial l ocation i n t he h and. S uspected i njuries s hould b e 
explored and repaired under tourniquet control in the oper-
ating room. There is no indication for wound exploration in 
the emergency room. The type of surgical repair performed 
depends largely on t he z one i n which t he i njury occurred 
and whether or not it was an open or closed injury [15,16]. 
Closed injuries to the distal zones (over the phalanges) may 
be treated with wound care and extension splinting. Open 
injuries a nd i njuries o f t he proximal z ones over t he h and 
usually require primary surgical repair followed by splint-
ing. Of note, suspected tendon injuries need not be operated 
on immediately. It is acceptable to consult a h and surgeon 
and simply suture the skin and splint the patient. The hand 
and wrist are placed in a dorsal splint with the wrist at 30° of 
extension, the MP joints in 70° of flexion, and the IP joints 
extended. R epairs s hould g enerally b e p erformed w ithin 
1 week of the injury. Prolonged delay results in retraction of 
the proximal tendon and may result in the need to perform 
tendon g rafting. O ccasionally, g iven t he s uperἀcial l oca-
tion of extensor anatomy, extensor tendons may be seen in 
the wound. Repair can be accomplished in t he emergency 
room. H owever, c onsultation w ith a h and s urgeon i s s till 
imperative.

Ulnar nerve

Median nerve

Radial nerve

Flexor carpi
ulnarisPalmaris

longus

Figure 21.7 Wrist block showing approaches to the median, ulnar, and radial nerves. (Courtesy of Texas Children’s 
Hospital, Houston, Texas.)
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Flexor t endon i njuries a re m ost c ommonly o pen a nd 
caused b y l acerations. C losed i njuries, m ost o ften Z one 
I i njuries, u sually r esult f rom f orced e xtension o f t he ἀ n-
ger while actively flexed. Flexor tendon injuries are treated 
surgically.

Unlike the adult population, early range of motion exer-
cises a re n ot a s f requently em ployed p ostoperatively i n 
very y oung c hildren ( less t han 4 y ears o ld) d ue t o i ssues 
with c ompliance. F lexor a nd e xtensor t endon r epairs i n 
young children may be splinted for approximately 4 weeks 
to decrease the risk of rupture of the repair [17,18]. At this 
point, controlled mobilization is begun.

Nerve injuries

In t he e vent o f a s uspected n erve i njury, a h and s urgeon 
should b e c onsulted. M uch l ike t he t reatment o f t endon 
injuries, i mmediate r epair i s g enerally n ot n ecessary. The 
skin can be closed and the patient splinted as described pre-
viously. Nerve repair w ithin t he ἀ rst 2 –3 weeks i s accept-
able. Too l ong a d elay, h owever, c an l ead t o r etraction o f 
nerve ends necessitating grafting.

Vascular injuries

If a v ascular i njury i s s uspected, t he e xaminer s hould 
apply d irect d igital pressure to t he bleeding wound. Bl ind 
clamping of structures is never indicated. A h and surgeon 
should be consulted immediately. If the injury is at or near 
the a xilla, a t rauma o r v ascular s urgeon s hould a lso b e 
informed because proximal control may require exposure 
of the vessel in the chest.

Nail bed injuries

Nail bed injuries are commonly seen in children with crush 
injuries t o t he ἀ ngers, t ypically f rom c atching t he ἀ nger 
in a door. They are often associated with fractures of the 

distal phalanx. The problem with such injuries is the sub-
sequent nail deformity that may develop. Knowledge of the 
anatomy of the nail bed and surrounding tissues fosters an 
understanding of the consequences of nail bed injuries and 
the treatment that follows.

The s terile m atrix b egins w here t he l unula en ds a nd 
extends distally to the hyponychium (the junction between 
the nail b ed a nd ἀ ngertip skin t hat contains neutrophils 
and l ymphocytes e ssential t o ἀ ghting o ff infection). The 
sterile matrix is closely adherent to the dorsal periosteum 
of the distal phalanx and is essential for adhesion between 
the n ail a nd t he n ail b ed. D amage t o t he d istal n ail a nd 
underlying sterile m atrix can result in scar tissue i f not 
properly repaired. This scar tissue may consequently result 
in a p ermanent ridge, split, or nonadherent nail. In these 
injuries, the nail plate must be removed to expose the nail 
bed. A fter p roper a nalgesia, t he n ail i s g ently s eparated 
from t he u nderlying adherent nail bed w ith t he end of a  
ἀne-tipped scissors. The tip is slowly inserted between the 
nail and the nail bed with a slightly dorsal angle and con-
stant pressure a long the underside of the nail. The nail is 
freed from the eponychium and lateral folds by inserting 
the scissor tip between each. Attempts should be made to 
salvage n ail b ed t issue f or p roper r eimplantation. O nce 
the nail i s removed, i rrigation w ith sterile saline follows. 
The n ail b ed i s b est r epaired w ith i nterrupted 6 –0 p lain 
gut suture under d igital block a nd tourniquet. Following 
repair, the eponychial fold must be stented to prevent the 
germinal matrix from adhering to itself. This can be done 
by replacing the nail plate or inserting nonadherent gauze 
into the fold.

The germinal matrix comprises the proximal nail bed 
and extends proximal to the lunula. The lunula is the light 
semicircular area extending just distal to the eponychium, 
the fold of skin that covers the proximal nail. The germinal 
matrix produces roughly 90% of the nail volume and covers 
an area of the ventral floor from the proximal volar nail fold 
to the lunula. Damage to the proximal nail, i.e., the germinal 

Figure 21.8 Penrose drain tourniquet technique. (Courtesy of Texas Children’s Hospital, Houston, Texas.)
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matrix, may adversely affect future nail growth. More prox-
imal lacerations that extend beneath the eponychium neces-
sitate i ts r eflection f or r epair o f t he u nderlying g erminal 
matrix. The eponychium is reflected by making several mil-
limeter cuts perpendicular to its edge i n t he a rea where it 
begins to curve distally.

A subungual hematoma in the face of an intact nail plate 
often p resents w ith s evere p ain d ue t o p ressure b eneath 
the nail. Treatment is a imed toward decompression of t he 
hematoma a nd i s m ost s uccessful w ithin t he ἀ rst 3 6 h o f 
injury while the hematoma remains liqueἀed. These can be 
drained s terilely b y m aking o ne o r s everal h oles t hrough 
the disinfected nail plate with a needle or portable cautery. 
Provided t he p uncture d oes n ot r each t he n ail b ed i tself, 
anesthesia is unnecessary. The ἀnger can then be placed 
in w arm w ater or hydrogen p eroxide to help e vacuate t he 
hematoma. However, in the face of a large subungual hema-
toma, the likelihood of a signiἀcant nail bed  injury is gen-
erally high enough to warrant removal of the nail plate and 
repair of the bed. Along the same lines, subungual hemato-
mas that are accompanied by disturbance of the nail or its 
margins require removal of t he nail a nd evaluation of t he 
nail bed .

It should be mentioned t hat t he d istal phalangeal f rac-
tures so often associated with nail bed  injuries rarely if ever 
need treatment. Generally, addressing the soft tissue injury 
alone is sufficient. A ἀnger splint may be helpful to provide 
comfort while the fracture is healing.

Fractures

Fractures s hould b e s uspected a fter t rauma t o t he h and 
resulting in signiἀcant pain, tenderness, swelling, or defor-
mity. X-rays should b e obtained; comparison v iews of t he 
unaffected hand m ay be helpful. Fractures with overlying 
lacerations o r s oft tissue l oss s hould b e c onsidered o pen 
fractures a nd re quire i rrigation p rior t o s kin c losure a nd 
reduction.

Essentially, all closed fractures in children with a normal 
neurovascular exam can be splinted and referred to a hand 
surgeon. The “safe” position to splint t he hand is w ith t he 
wrist i n 30° of extension, t he M P joints i n 6 0–70° o f flex-
ion, and t he IP joints in neutral (Figure 21.9) [19]. In very 
small children, i t i s d ifficult to actually splint t he hand i n 

this position due to the size of the hand and ἀngers. The 
priority should be given to simply preventing the child from 
moving or using the injured hand. As such, a b ulky “ box-
ing glove” dressing should be applied, completely covering 
the hand and ἀngers. It should be carried above the elbow 
with the elbow kept flexed at 90° to prevent the child from 
removing the splint. Care must be taken when splinting to 
avoid a tight bandage as the dressing must account for sub-
sequent swelling.

For d isplaced f ractures, c losed r eduction i s s ometimes 
possible. H owever, reduction and s urgical stabilization 
may b e necessary. A h and surgery c onsultation s hould b e 
obtained in the emergency room or scheduled within the 
next 1–2 days.

Injection injuries

Penetration o f t he h and b y fluids u nder p ressure ( paints, 
lubricants, abrasives, solvents, e tc.) i s unusual in children. 
However, when present these injuries require wide surgical 
opening of the hand, thorough irrigation, and mechanical 
debridement. I njection i njuries o ften a ppear d eceptively 
minor, as there may be only a very small puncture wound at 
the site of entry. However, there is potential for widespread 
contamination a nd n ecrosis. R apidly i ncreasing p ain a nd 
edema are the hallmark of severe deep tissue damage. These 
injuries c an e asily d evelop i nto c ompartment s yndromes 
and necessitate emergent referral for surgical debridement 
and fasciotomy.

Amputations

Indications f or re plantation i n c hildren a re b roader t han 
for a ny o ther g roup [ 20]. A ny a mputated p art s hould b e 
wrapped i n a s aline-soaked g auze a nd p laced i n a p las-
tic b ag. This p lastic b ag s hould t hen b e p laced i n a nother 
bag ἀ lled with water and crushed ice. The amputated part 
should never be placed directly onto ice. X-rays of the part 
and t he r emaining s tump m ust b e t aken. The d ecision t o 
replant is based on the type of injury, the condition of the 
hand and amputated part, and the overall condition of the 
patient [ 21]. C ontraindications f or re plantation i nclude 
associated m ajor l ife-threatening i njuries, m ajor m edical 
conditions p recluding p rolonged s urgery, s evere a vulsion 
or c rush i njury prolonged i schemic t ime (more t han 12 h 
warm ischemia for a digit or more than 6 h warm ischemia 
for a proximal l imb a mputation), multiple levels of injury, 
extreme c ontamination of t he p art, a nd p sychiatric i nsta-
bility of t he patient. Reimplantation should b e c onsidered 
for nearly a ll a mputated parts i n c hildren, provided t hese 
contraindications do not exist.

The r esults o f replantation d epend a g reat d eal o n t he 
level at which the amputation occurs. The most problematic 
level for replantation is in volar Zone II of the ἀnger, within 
the flexor tendon sheath. This is also one of the most com-
mon sites of amputation. Just as with isolated flexor tendon 
injuries in this area, subsequent adhesions frequently result 
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Figure 21.9 Safe position for postfracture splinting. 
(Courtesy of Texas Children’s Hospital.)
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in s tiffness t hat i nhibits f unction. A lthough children tend 
to do b etter t han adults, i t i s s till a p roblem t hat must b e 
considered.

Another c ommon l evel f or a mputation i n c hildren i s 
the ἀngertip. In very distal injuries, with only a very small 
portion of the ἀngertip amputated, replacement of the part 
on the ἀnger as a composite, nonvascularized graft may be 
indicated. This w orks b est i n v ery y oung c hildren w ith a 
clean amputation. For a ll other amputations of t he ἀ nger-
tip (Zone I), a m icrosurgical ἀ ngertip replantation should 
be c onsidered. S ebastin a nd C hung f rom t he U niversity 
of M ichigan H ealth S ystem p ropose c ategorizing Z one I 
into s ubzones t hat reflect t he t echnical a menity of a rter-
ies, veins, and nerves to microsurgical repair [22]. However, 
most recent data suggest that microvascular anastomosis of 
only the artery, the least technically challenging component 
of microvascular replantation, provides satisfactory patient 
outcomes at up to 2-year follow-up [23,24].

In amputations proximal to the nail bed, the blood ves-
sels are generally large enough to repair under t he micro-
scope. Replantations do well f rom a f unctional standpoint 
at t his level, but t he operation tends to be technically d if-
ἀcult due to t he small s ize of t he a rteries a nd t he relative 
paucity of veins in this zone.

Bites

Human o r a nimal b ites p ose a s igniἀcant t hreat o f 
 infection. Staphylococcus aureus a nd Streptococcus a re 
the most common organisms, but Eikenella corrodens 
(Gram negative) can be found in one-third of human bite 
wounds. Pasteurella multocida is present in most cat and 
dog bites.

If n o t endon o r j oint i nvolvement i s s uspected, a nd 
there are no other a bnormalities on physical exam, 
these wounds can be t reated w ith copious i rrigation a nd 
 prophylactic antibiotics, then left open to heal by second-
ary i ntention [25]. The a ntibiotic of choice for t reatment 
of bite wounds is ampicillin with a β-lactamase inhibitor 
such a s A ugmentin (amoxicillin/clavulanate) o r Unasyn 
(ampicillin/sulbactam) i f i ntravenous a dministration i s 
necessary.

Bite w ounds i n t he r egion o f t he M P j oints s hould b e 
expected t o i nvolve t he j oint a nd c onsideration g iven f or 
joint e xploration, i rrigation, a nd i ntravenous a ntibiotics. 
Failure t o d iagnose a nd t reat a n i ntra-articular b ite m ay 
result i n a s erious i nfection. V ery l arge w ounds c an b e 
closed i n a d elayed primary f ashion a t 4 –5 d ays provided 
the wound has not become infected [26].
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Rehabilitation of the child with injuries

CHRISTIAN M. NIEDZWECKI

Why should I read this chapter?

 ● Most traumatic spinal cord injuries (TSCIs) in children 
are associated with long-term deἀcits [1–3]

 ● Most moderate to severe traumatic brain injuries 
(TBIs) in children are associated with long-term 
deἀcits [4,5]

 ● 17%–33% of mild TBIs are associated with neurocogni-
tive deἀcits at 1 year [6,7]

 ● Most TBI patients have unrecognized or unmet needs 
[8,9]

Rehabilitation professionals s pecialize i n a ddressing t hese 
deἀcits and needs along the continuum of care from acute 
care through the postdischarge setting.

Introduction

Trauma i s t he m ajor c ause o f m orbidity a nd m ortality 
in c hildren a nd a dults ( Table 2 2.1), a nd c entral n ervous 
system t rauma i s t he m ajor d eterminant o f t he s everity 
of injury [10–14]. Improvements in t rauma systems have 
increased t he n umber o f c hildren s urviving w ith s evere 
injuries, t hough m any w ill l ive a l ifetime w ith a cquired 
disabilities [11,13–17]. The long-term ἀ nancial i mpact of 
these d isabilities i s s ubstantial a nd h as b een s hown f or 
two s ubsets o f c hildren w ho h ave s ustained t raumatic 
injury: T BI a nd T SCI. I n p ediatric T BI, d irect c osts a re 
on the order of a billion dollars per year in total h ospi-
tal c harges [17] w ith c ontinued i ncreases i n h ealth c are 
costs i n y ears f ollowing i njury [ 18]. The l ongitudinal 
costs p er i ndividual w ith a h igh t etraplegic s pinal c ord 

injury (SCI) sustained at the age of 25 are estimated to be 
$4.7 million [1].

Rehabilitation s ystems h ave b een d eveloped t o a ddress 
these acquired d isabilities a long t he continuum of c are of 
the child w ith i njuries f rom t he i ntensive c are u nit ( ICU) 
setting, to the inpatient ward, to acute inpatient rehabilita-
tion, a nd t hrough t he outpatient setting. They a re built to 
complement trauma systems and their advances with a look 
toward longitudinal care (i.e., what happens after the acute 
care h ospitalization). They h ave b een s hown t o i mprove 
functional o utcomes [ 19], i mprove d ischarge d isposition 
[20,21], and in some instances decrease acute lengths of stay 
[22]. In fact, the American College of Surgeons has recog-
nized the need and beneἀts of rehabilitation services to the 
point that a L evel I Pediatric Trauma Center is required to 
be “ providing t otal c are f or e very a spect o f i njury—from 
prevention through rehabilitation” [23].

Rehabilitation in the acute care setting

Rehabilitation b egins i n t he i ntensive c are s etting. I t 
includes a ddressing T BI- a nd S CI-speciἀc n eeds t o h elp 
each injured child meet his/her potential in terms of medi-
cal, p hysical, s ocial, em otional, r ecreational, v ocational, 
and functional recovery [24]. Rehabilitation services should 
consist o f a m ultidisciplinary t eam o f r ehabilitation p ro-
fessionals t hat i ncludes p hysical t herapists, o ccupational 
therapists, s peech a nd l anguage p athologists, t herapeutic 
recreational specialists, child life specialists, music therapy 
specialists, dedicated social workers, dedicated care manag-
ers, rehabilitation certiἀed nurses, and pediatric rehabilita-
tion certiἀed physiatrists.
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It has been shown that a d elay in starting rehabilitation 
can i mpair f unctional outcomes a nd i ncrease c osts to t he 
system [25–27]. Unfortunately, despite this evidence, there 
is s igniἀcant v ariability i n t he i nitiation o f r ehabilitation 
services after TBI to the child [28].

Rehabilitation of pediatric TBI in the acute 
care setting

The medical a nd s ocial c oncerns i n t he a cute c are s etting 
are quite complex; however, there are four primary areas 
that r ehabilitation p rofessionals c an a ssist i n t he c are o f 
children who have sustained a TBI.

The ἀrst and most obvious is in providing individualized, 
age-appropriate, medically appropriate therapies focusing on 
preventing stasis which includes range of motion, appropri-
ate p ositioning, i sometric s trengthening, e arly m obiliza-
tion, a nd a ppropriate r ecommendations f or l imb b racing 
and equipment.

The second area centers on communication of informa-
tion to the primary trauma/medical team of how acute fac-
tors can affect longitudinal TBI outcomes. In the critical care 
setting, the common goal of the treatment teams is preser-
vation of life, as it should be. The addition of rehabilitation 
professionals can serve to extend this goal to include a feed-
back loop of functional outcomes after the patient’s critical 
care stay is over and correlate medical management param-
eters to functional outcome. In 1992, Michaud et al., and 
more recently in 2008, Scivoletto et al., published versions of 
these correlations [25,29]. Their work, a mong others, have 

served to permit the paradigm shift from morbidity to func-
tion after severe TBI in children. Their work has shown that 
elevations or depressions of intracranial pressure, unstable 
blood p ressure, u nstable o xygenation, d elayed n utrition, 
and the presence of seizures decrease intelligence quotient 
(IQ) at 12 months after injury [30].

The third area in t he acute c are s etting that rehabilita-
tion p rofessionals m ay a ssist i n i s t he identification and 
treatment of paroxysmal sympathetic hyperactivity (PSH). 
While t he p athophysiology o f T BI i s b eyond t he s cope o f 
this chapter, the metabolic cascade of events after TBI has 
been documented to the extent of our current understand-
ing by Giza and Hovda and Maxwell [31,32]. It is likely that 
this metabolic cascade is closely associated with the poorly 
understood c onsequence o f T BI m ost r ecently k nown a s 
PSH. I n 2 014, B aguley e t a l., u sing t he D elphi m ethod, 
published a c onsensus statement on deἀning the PSH syn-
drome, d iagnostic c riteria, a nd a p roposed tool for f uture 
research (Figure 22.1) [33].

There are over 30 eponyms for this term (dysautonomia, 
autonomic s torms, p aroxysmal a utonomic i nstability w ith 
dystonia, etc.); however, it is deἀned as “a syndrome, rec-
ognized in a s ubgroup of survivors of severe acquired brain 
injury, o f s imultaneous, p aroxysmal t ransient i ncreases i n 
sympathetic (elevated heart rate, blood pressure, respiratory 
rate, temperature, sweating), and motor (posturing) activity.” 
The syndrome usually begins 5–7 days after injury, episodes 
typically occur 1–3 times a day, episodes usually last less than 
1–10 hours, and last from 1 to 2 weeks to several months [33]. 
This i s a n i mportant t opic a s i t i s g enerally a d iagnosis o f 

Table 22.1 Pediatric trauma incidence

Adult Pediatric

ER visits in US/year 30.8 Ma 8.4 Ma

Admits in US/year 2.3 Ma 838 Ka

Deaths in US/year 200 Ka 12.5 Ka

TBI—ER visits in US/year 1.7 Mb 474 Kb

TBI—Admits in US/year 275 Kb 37 Kb

TBI—Deaths in US/year 52 Kb 2685b

TBI—Top cause Falls (35.2%)
Struck by/against (16.5%)
MVC (17.3%)b

Falls (50.2%)
Struck by/against (24.8%)
MVC (6.8)b

SCI—ER visits in US/year 12,939d 1308c

SCI—Admits in US/year 11,412d 816c

SCI—Deaths in US/year 738d 8c

SCI—Top cause Falls, MVC, and other d RTAs, falls, and struck by others/
objectsc

ER, emergency room; MVC, motor vehicle accident; RTA, road traffic accident, SCI, spinal cord injury; TBI, traumatic brain injury.
Sources: Data compiled from multiple sources as indicated by superscripts a–d, identified below.
a Centers for Disease Control and Prevention. Web-based injury statistics query and reporting system (Wisqars): Injury prevention and control: 

Data and statistics, 2014.
b Faul, M. et al., Traumatic Brain Injury in the United States: Emergency Department Visits, Hospitalizations, and Deaths, Atlanta, GA: Centers 

for Disease Control and Prevention, National Center for Injury Prevention and Control, 2010.
c Selvarajah, S. et al., Journal of Neurotrauma, 3, 1548–1560, 2014.
d Selvarajah, S. et al., Journal of Neurotrauma, 31, 228–238, 2014.
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exclusion, but o ccurs i n 8%–33% of c hildren w ith T BI a nd 
6%–29% o f c hildren w ith a cquired n on-TBI, a nd h as b een 
shown  to be associated with increased morbidity, increased 
health care utilization, poorer outcomes, a nd need for pro-
longed hospitalization and rehabilitation [33–35].

For t he a dult p opulation, a cute m edical m anagement 
guidelines for treatment of PSH exist, with morphine sulfate 
and β -blockers b eing ἀ rst-line t herapy i n t he a cute s etting 
[36,37]. While these are appropriate choices in the critical care 
setting for addressing complex vital signs, they may not nec-
essarily address the dystonic motor signs component of this 
syndrome. Typically for t hese concerns, dopamine agonists, 
benzodiazepines, and/or gamma-aminobutyric acid (GABA)
ergic agents are important to mediate symptoms. In tandem 
with pharmacological management, care needs to be taken to 

provide a low stimulation environment to address the patient 
who is hyperreactive to the external stimuli of light and noise. 
While r ecent s tudies i n c hildren w ith T BI a nd P SH h ave 
demonstrated prolonged hospital and rehabilitation stays, an 
optimal s trategy for addressing this syndrome has yet to be 
developed and thoroughly tested [34,35].

Finally, the fourth area, and the one that affects rehabili-
tation professionals the most throughout their involvement 
with the child with a TBI, is communication with the medi-
cal team and the patient and family regarding the severity of 
injury. In 1974, the sentinel article by Teasdale and Jennett 
described the Glasgow Coma Scale (GCS) as a clinical scale 
to assess “the depth and duration of impaired consciousness 
and coma.” It is utilized as a primary marker for interven-
tion in brain-injured patients and as a prognostic indicator 

Clinical feature scale (CFS)
0 1 2 3 Score

Heart rate <100 100–119 120–139 ≥140
Respiratory rate <18 18–23 24–29 ≥30
Systolic blood pressure <140 140–159 160–179 ≥180
Temperature <37 37–37.9 38–38.9 ≥39.0
Sweating Nil Mild Moderate Severe
Posturing during episodes Nil Mild Moderate Severe

CFS subtotal

Severity of clinical features

Nil 0
Mild 1–6
Moderate 7–12
Severe ≥13

Diagnosis likelihood tool (DLT)
Clinical features occur simultaneously
Episodes are paroxysmal in nature
Sympathetic over-reactivity to normally nonpainful stimuli
Features persist ≥3 consecutive days
Features persist ≥2 weeks post–brain injury
Features persist despite treatment of alternative differential diagnoses
Medication administered to decrease sympathetic features 
≥2 episodes daily
Absence of parasympathetic features during episodes
Absence of other presumed caused of features
Antecedent acquired brain injury

(Score 1 point for each feature present) DLT subtotal

Combined total (CFS + DLT )

PSH diagnostic likelihood
Unlikely <8
Possible 8–16
Probable >17

PSH, paroxysmal sympathetic hyperactivity.

Figure 22.1 Paroxysmal sympathetic hyperactivity—Assessment measure that includes the diagnosis likelihood tool (DLT) 
and the clinical features scale (CFS). (From Selvarajah, S. et al., Journal of Neurotrauma, 31, 1548–1560, 2014.)
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for morbidity and mortality after TBI [38]. Adaptations to 
the G CS were d eveloped a nd p ublished for t he p ediatric 
brain i njury p opulation i n 1984 [39]. H olmes e t a l. d ocu-
mented t hat t he p ediatric G CS i n p reverbal c hildren h ad 
a favorable comparison to standard GCS in older children 
with blunt head trauma [40].

While t he G CS h as b een well s tudied a nd i s well i nte-
grated i nto o ur m edical s ystem a nd p aradigms o f a cute 
care, it has shown some limitations both in the acute setting 
[41] and in speciἀcity in prediction of speciἀc longitudinal 
neurocognitive o utcomes [ 29]. D ue t o t hese l imitations, 
alternative i ndices f or s everity h ave b een evaluated f or 
prognostication a fter T BI. These i nclude d uration o f l oss 
of c onsciousness, G CS m otor s core a t 3 d ays p ostinjury, 
days t o r each G CS s core o f 1 5, d ays t o r each G CS m otor 
score o f 6 , a nd duration of p osttraumatic a mnesia (PTA). 
All of t hese have shown predictive value at 3 m onths a nd 
1 year in neurobehavioral and functional outcomes, though 
the t wo m ost p redictive m easures h ave b een s hown t o b e 
days to reach GCS score of 15 and duration of PTA [29,42]. 
PTA is the t ime period during which the patient is unable 
to store and recall novel events. In children with TBI, it is 
typically measured by days to reach an age normative value 
on t he c hildren’s o rientation a nd a mnesia t est. This t ool 
has been utilized to show how increased durations of PTA 
are  associated with decreased IQ scores at 6 and 12 months  
(Figure 22.2 [43], Table 22.2, [42,44]).

Recently, PTA has been separated into t he components 
of time to follow commands (TFC) and duration of PTA. 
The results o f t his s eparation h ave s hown t hat w hile T FC 
and PTA predicted functional outcomes at discharge from 
acute inpatient rehabilitation better than GCS, TFC was the 
best predictor [44].

Rehabilitation of pediatric TSCI in the acute 
care setting

In the SCI population, rehabilitation professionals add the 
unique p erspectives o f l ongitudinal c are t o t he p atient’s 
care team. These include, but are not limited to, expertise in 
individual mobility p lans, s pinal s hock w ith i mplications, 
autonomic dy sreflexia ( AD), n eurogenic b ladder, n euro-
genic bowel, and functional prognostication.

While the pathophysiology of TSCI in children is beyond 
the scope of this chapter, our current understanding is well 
described b y W itiw a nd F ehlings a nd R owland e t a l.. A n 
important aspect based on t his k nowledge t hat may a ffect 
medical t herapy s election i s t he c oncept o f s pinal s hock 
[45,46]. This  p henomenon i s n ot a c omponent o f o ther 
forms of shock (cardiogenic, hypovolemic, septic, etc.) and 
has a time course that may extend years. Speciἀcally, spinal 
shock is the loss of reflex neurological activity and all spinal 
reflexes, while neurogenic shock is the loss of adequate tis-
sue perfusion associated with hypotension from neurologi-
cal i nsult. I n l ight o f t his, rehabilitation professionals c an 
facilitate c are b y a dvocating f or u se o f a bdominal b inder, 
lower limb compression, and oral vasopressors [47].

The sentinel work of Ditunno et al. describes four phases 
of s pinal s hock a nd t heir t ime c ourses ( Table 2 2.3) [ 48]. 
This work has signiἀcant implications for bowel and blad-
der management. Rehabilitation professionals can serve as 
guides for the initiation of bowel and bladder management 
programs. For example, despite the mounting evidence that 
indwelling Foley catheters are associated with increased uri-
nary tract infections, in a patient in spinal shock receiving 
large volumes of intravenous crystalloid, their bladder will 
likely n ot b e a ble t o empty, l eading t o a r ecommendation 
that judicious use of Foley catheters are appropriate and an 
intermittent catheterization program should be postponed 
until the amount of intravenous volumes are decreased.

In c hildren, m ost o f t he f unctional p rognostication 
after SCI i s based o n t he i nformation o btained from t he 
International S tandards f or N eurological C lassiἀcation o f 
Spinal C ord I njury ( ISNCSCI) E xamination ( Figure 2 2.3) 
[49]. A f ull d escription o f t he u se a nd i ntricacies o f t his 
examination a re beyond t he scope of t his chapter, t hough 
there are some useful terms that are important in prognos-
tication after SCI [50]:

 ● Neurological level of injury (NLI): The NLI refers to the 
most caudal segment of the spinal cord with normal 
sensory and antigravity motor function on both sides of 
the body, provided that there is normal (intact) sensory 
and motor function rostrally. The segments at which 
normal function is found often differ by side of the body 
and in terms of sensory and motor testing. Thus, up 
to four different segments may be identiἀed in deter-
mining the neurological level, that is, R(ight)-sensory, 
L(eft)-sensory, R-motor, and L-motor. The single NLI is 
the most rostral of these levels.

 ● Skeletal level: This term has been used to denote the 
level at which, by radiographic examination, the great-
est vertebral damage is found. The skeletal level is not 
part of the current ISNCSCI because not all cases of SCI 
have a bony injury, bony injuries do not consistently 
correlate with the neurological injury to the spinal cord, 
and this term cannot be revised to document neurologi-
cal improvement or deterioration.

 ● Incomplete injury: This term is used when there is pres-
ervation of any sensory and/or motor function below 
the neurological level that includes the lowest sacral 
 segments S4–S5 (i.e., presence of “sacral sparing”). 
Sensory sacral sparing includes sensation preservation 
(intact or impaired) at the anal mucocutaneous junc-
tion (S4–S5 dermatome) on one or both sides for light 
touch or pin prick, or deep anal pressure. Motor sacral 
sparing includes the presence of voluntary contrac-
tion of the external anal sphincter upon digital rectal 
examination.

 ● Complete injury: This term is used when there is an 
absence of sensory and motor function in the lowest 
sacral segments (S4–S5) (i.e., no sacral sparing).

 ● Zone of partial preservation (ZPP): This term, used only 
with complete injuries, refers to those dermatomes and 
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Figure 22.2 The children’s orientation and amnesia test. (From Ewing-Cobbs, L. et al., Neurosurgery, 27, 683, 1990.)

CHILDREN’S ORIENTATION AND AMNESIA TEST (COAT)

General Orientation:

1. What is your name? First (2) ______________ (5) ______________
Last (3) ______________

2. How old are you? (3) ______________ When is your birthday?

Month (1) ______________ Day (1) ______________ (5) ______________

3. Where do you live? City (3) ______________

State (2) ______________ (5) ______________

4. What is your father’s name? (5) ______________

What is your mother’s name? (5) ______________ (5) ______________

5. What school do you go to? (3) ______________

What grade are you in? (2) ______________ (5) ______________

6. Where are you now? (5) ______________
(May rephrase question: Are you at home now? Are you in the hospital?
If rephrased, child must correctly answer both questions to receive credit.)

(5) ______________

7. Is it daytime or night time? (5) ______________ (5) ______________
General Orientation Total ______________

Temporal Orientation: (Administer If Age 8–15)

8. What time is it now? (5) ______________
(correct = 5; < hr. off = 4; 1 hr. off = 3; >1 hr. off = 2; 2 hrs. off = 1)

(5) ______________

9. What day of the week is it? (5) ______________
(correct = 5; 1 off = 4; 2 off = 3; 3 off = 2; 4 off = 1)

(5) ______________

10. What day of the month is it? (5) ______________
(correct = 5; 1 off = 4; 2 off = 3; 3 off = 2; 4 off = 1)

(5) ______________

11. What is the month? (10) ______________
(correct = 10; 1 off = 7; 2 off = 4; 3 off = 1)

(10) ______________

12. What is the year? (15)______________
(correct = 15; 1 off = 10; 2 off = 5; 3 off = 1)

(15) ______________

Temporal Orientation Total ______________

Memory:

13. Say these numbers after me in the same order. (Discontinue when the child fails both series of digits at any length. Score 2 points if 
both digit series are correctly repeated; score 1 point if only 1 is correct.)
3 5 ______________ 35296 81493 ___________

58 42 ______________ 539418 724856 ___________

643 926 ______________ 8129365 4739128 ___________ (14) ______________
7216 3279 ______________

14. How many fingers am I holding up? Two fingers (2) ______________

Three fingers (3) ______________ 10 fingers (5) ______________ (10) ______________

15. Who is on Sesame Street? (10) ______________

(can substitute other major television show) (10) ______________

16. What is my name? (10) ______________ (10) ______________
Memory Total ______________

OVERALL TOTAL ______________

Table 22.2  TBI severity in children

TBI severity
Glasgow 
Coma Scale

Loss of 
consciousness

Posttraumatic 
amnesia (hour) Radiology and physical examination

Mild 13–15 <15–30 min <1 HCT: NL
Neuro exam: NL

Moderate 9–12 15 min–24 h 1–24 HCT: Abnormal
Neuro exam: NL/combative/lethargic

Severe 3–8 1–90 days >24 HCT: Abnormal
Neuro exam: Coma

GCS, Glasgow Coma Scale; HCT, hematocrit; LOC, loss of consciousness; NL, normal; PTA, posttraumatic amnesia.
Sources:  McDonald, C.M. et al., Archives of Physical Medicine and Rehabilitation, 75, 328, 1994; Suskauer, S.J. et al., Journal of Pediatric 

Rehabilitation Medicine, 2, 297, 2009.
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myotomes caudal to the sensory and motor levels that 
remain partially innervated. The most caudal segment 
with some sensory and/or motor function deἀnes the 
extent of the sensory and motor ZPP, respectively.

Using t hese d eterminants, r ehabilitation p rofessions 
work with patients and families on the functional implica-
tions o f t hese t erms. A c omplete f unctional p rognosis b y 
neurological level is detailed in Table 22.4; some key levels 
to be aware of are as follows:

 ● C5  → Self-feeding
 ● C7  → Wheelchair (w/c) transfer
 ● C7 → Manual w/c propulsion
 ● C7  → Self-cath
 ● T2  → Grasp w/o orthosis
 ● L2-3 → Community ambulation

The m otor a nd s ensory c omponents o f t he I SNCSCI 
examination h as b een s hown t o b e r eliable a nd v alid i n 
children with SCIs over the age of 4 y ears old, though the 
examination is more difficult to complete in children under 
10 years of age. This is developmentally appropriate in chil-
dren o f t hese a ges [ 51]. The a norectal c omponent o f t he 
ISNCSCI examination has been shown to be more reliable 
in children over 5 years of age. This also is developmentally 
appropriate [52].

These unique aspects to the child with a SCI are impor-
tant t o n ote a nd c orrelate w ith t heir u nique i njury c har-
acteristics w hich a re d ifferent f rom a dults. I n t he U nited 
States, i n children w ith SCIs u nder 17 years old, 9 0.3% of 
injuries a re c lassiἀed as incomplete, 40.5% of injuries are 
in the cervical region, and 14.3% of injuries had concurrent 
TBI [14,53].

Other areas that rehabilitation professionals can assist in 
the care of the child with acute SCI are in appropriate, indi-
vidualized programs for range of motion, strengthening and 
early mobilization, gastric/duodenal stress ulcer prevention, 
pressure u lcer p revention ( regular s kin c hecks, r otation 
schedule), thermoregulation (impaired heat and cold regula-
tion with adjustment to ambient temperatures), anticoagula-
tion re commendations f or p rolonged i mmobilization, a nd 
dysphagia i dentiἀcation/treatment (associated w ith s urger-
ies, intubations, and respiratory paralysis) [54,55].

Rehabilitation in the acute inpatient 
rehabilitation setting

Acute inpatient rehabilitation is another part of the spectrum 
of rehabilitation for the child with injuries. These programs 
are based on functional recovery, its measurement, and rein-
tegration of the child and family into the home and commu-
nity settings. They focus on educating children with injuries 
and t heir f amilies/caregivers o n h ow t o m anage their n ew 
deἀcits while maximizing their functional recovery. Ideally, 
the Acute Inpatient Rehabilitation Program that serves chil-
dren with injuries has a cadre of individuals dedicated to the 
pediatric population. This includes physical therapists, occu-
pational therapists, speech and language pathologists, thera-
peutic re creational s pecialists, c hild l ife s pecialists, m usic 
therapy specialists, dedicated social workers, dedicated care 
managers, rehabilitation certiἀed nurses, and pediatric reha-
bilitation c ertiἀed p hysiatrists. E ach p rogram s hould h ave 
developed i ts o wn a dmission a nd d ischarge c riteria w hich 
will be deἀned uniquely based on the program’s setting and 
infrastructure. For example, some programs may accept chil-
dren on ventilators, w hile o thers m ay not h ave t he s peciἀc 
training or respiratory therapy support to do so. In general, 
though, children must be medically stable, be able to tolerate 
and participate in at least 3 hours of therapy 5–6 days a week, 
have family or caregivers to be trained, and have a ἀ rm dis-
charge disposition. The disposition is very important as much 
of the therapy, training, and education in the Acute Inpatient 
Rehabilitation P rogram w ill b e a imed a t s uccessfully r ein-
tegrating i nto t he h ome s etting. A s uccessful r eintegration 
should decrease emergency room visits and unnecessary 
imaging and/or testing.

The gold standard of guidelines for an Acute Pediatric 
Inpatient Rehabilitation Program has been put forth by the 
Commission on Accreditation of Rehabilitation Facilities 
(CARF). I ts M edical R ehabilitation S tandards M anual, 
which i s u pdated y early, c learly o utlines t he s ervices a nd 
programs t hat a re r equired f or f acility a ccreditation a nd 
provides a n e xcellent f ramework for quality rehabilitation 
care of the child with injuries. It has speciἀc guidelines for 
children with TBI and SCI [56].

Acute P ediatric I npatient R ehabilitation P rograms 
typically u se s tandardized f unctional o utcome m easures 
to d etermine t heir p rogress a nd e ffectiveness d uring t he 

Table 22.3  Four phases of spinal shock

Phase Time Reflex Pathophysiology

1 0–1 day Areflexia/hyporeflexia Loss of descending 
facilitation

2 1–3 days Initial reflex return Denervation supersensitivity
3 1–4 weeks Initial hyperreflexia Axon-supported synapse 

growth
4 1–12 months Final hyperreflexia Soma-supported synapse 

growth

Source: Ditunno, J.F. et al., Spinal Cord, 42, 383–395, 2004.
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• Key Sensory

Points 

C2

C3

C4

C6C8
C7

Dorsum

C6 C8

C7

C5
C6
C7
C8
T1

L2
L3
L4
L5
S1

MOTOR
KEY MUSCLES

SENSORY
KEY SENSORY POINTS

    Pin Prick (PPR)Light Touch (LTR)

(VAC) Voluntary Anal Contraction 
(Yes/No)

Comments
(Non-key Muscle? Reason for NT? Pain?):

NEUROLOGICAL
LEVELS

Steps 1–5 for classification
as on reverse 

1. SENSORY 
2. MOTOR

  R         L 3. NEUROLOGICAL
LEVEL OF INJURY

(NLI) 

4. COMPLETE OR INCOMPLETE?
Incomplete  =  Any sensory or motor function in S4-5

5. ASIA IMPAIRMENT SCALE (AIS)

(In complete injuries only)
ZONE OF PARTIAL

PRESERVATION
Most caudal level with any innervation

SENSORY 
MOTOR

  R         L

REV 11/15This form may be copied freely but should not be altered without permission from the American Spinal Injury Association.

RIGHT

UER
(Upper Extremity Right)

T2
T3
T4
T5
T6
T7
T8
T9

T10
T11
T12

L1

LER
(Lower Extremity Right)

S2
S3

S4-5

MOTOR
KEY MUSCLES

SENSORY
KEY SENSORY POINTS

Pin Prick (PPL)Light Touch (LTL)
LEFT

UEL
(Upper Extremity Left)

T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12
L1

LEL
(Lower Extremity Left)

S2
S3
S4–5

Elbow flexors
Wrist extensors
Elbow extensors
Finger flexors
Finger abductors (little finger)

Hip flexors
Knee extensors
Ankle dorsiflexors
Long toe extensors
Ankle plantar flexors

C2
C3
C4

C2
C3
C4

(DAP) Deep Anal Pressure 
(Yes/No)

UER + UEL = UEMS TOTAL
(25) (50)

MOTOR SUBSCORES  

MAX
LER + LEL = LEMS TOTAL

(50)     MAX(25)
LTR  + LTL  = LT TOTAL

(112)MAX(56)

SENSORY SUBSCORES  

MAX(56)
PPR +  PPL = PP TOTAL

(112)

4 = active movement, against some resistance 
5 = active movement, against full resistance
5* = normal corrected for pain/disuse
NT = not testable

MOTOR
(SCORING ON REVERSE SIDE)

0 = total paralysis
1 = palpable or visible contraction
2 = active movement, gravity eliminated
3 = active movement, against gravity

RIGHT TOTALS
(MAXIMUM)

C5
C6
C7
C8
T1

L2
L3
L4
L5
S1

LEFT TOTALS
(MAXIMUM)

SENSORY
(SCORING ON REVERSE SIDE)

0 = absent
1= altered

2 = normal
NT = not testable

INTERNATIONAL STANDARDS FOR NEUROLOGICAL
CLASSIFICATION OF SPINAL CORD INJURY

(ISNCSCI) 

Patient Name_____________________________________  Date/Time of Exam _____________________________

Examiner Name ___________________________________ Signature _____________________________________  

Elbow flexors
Wrist extensors

Elbow extensors
Finger flexors

Finger abductors (little finger)

Hip flexors
Knee extensors

Ankle dorsiflexors
Long toe extensors

Ankle plantar flexors

T6

(25) (25) (56) (56)

ASIA Impairment Scale (AIS) Steps in Classi�cation

The following order is recommended for determining the classi�cation of
individuals with SCI.

1. Determine sensory levels for right and left sides.
The sensory level is the most caudal, intact dermatome for both pin prick and
light touch sensation.

2. Determine motor levels for right and left sides.
De�ned by the lowest key muscle function that has a grade of at least 3 (on
supine testing), providing the key muscle functions represented by segments
above that level are judged to be intact (graded as a 5).
Note: in regions where there is no myotome to test, the motor level is
presumed to be the same as the sensory level, if testable motor function above
that level is also normal.

3. Determine the neurological level of injury (NLI)
This refers to the most caudal segment of the cord with intact sensation and
antigravity (3 or more) muscle function strength, provided that there is normal
(intact) sensory and motor function rostrally respectively.
The NLI is the most cephalad of the sensory and motor levels determined in
steps 1 and 2.

4. Determine whether the injury is Complete or Incomplete.
(i.e. absence or presence of sacral sparing)
If voluntary anal contraction = No AND all S4-5 sensory scores = 0
AND deep anal pressure = No, then injury is Complete.
Otherwise, injury is Incomplete.

5. Determine ASIA Impairment Scale (AIS) Grade:
    Is injury Complete? If YES, AIS=A and can record

ZPP (lowest dermatome or myotome
on each side with some preservation)

    Is injury Motor Complete?   If YES, AIS=B 

 (No=voluntary anal contraction OR motor function
more than three levels below the motor level on a
given side, if the patient has sensory incomplete
classi�cation)

Are at least half (half or more) of the key muscles below the
neurological level of injury graded 3 or better?

If sensation and motor function is normal in all segments, AIS=E
Note: AIS E is used in follow-up testing when an individual with a documented
SCI has recovered normal function. If at initial testing no de�cits are found, the
individual is neurologically intact; the ASIA Impairment Scale does not apply.

AIS=C

NO

NO

NO YES

AIS=D

Movement         Root level

Shoulder: Flexion, extension, abduction,adduction, internal
and external rotation
Elbow: Supination

Elbow: Pronation C6

C5

Wrist: Flexion

Finger: Flexion at proximal joint, extension. C7
Thumb: Flexion, extension and abduction in plane of thumb

Finger: Flexion at MCP joint C8
Thumb: Opposition, adduction and abduction perpendicular
to palm

Finger: Abduction of the index finger T1

Hip: Adduction L2

Hip: External rotation L3

Hip: Extension, abduction, internal rotation        L4
Knee: Flexion
Ankle: Inversion and eversion
Toe: MP and IP extension

Hallux and Toe:  DIP and PIP flexion and abduction L5

Hallux: Adduction S1

A = Complete. No sensory or motor function is
preserved in the sacral segments S4-5.

B = Sensory Incomplete. Sensory but not motor
function is preserved below the neurological level and
includes the sacral segments S4-5 (light touch or pin
prick at S4-5 or deep anal pressure) AND no motor
function is preserved more than three levels below the
motor level on either side of the body.

C = Motor Incomplete. Motor function is preserved at
the most caudal sacral segments for voluntary anal
contraction (VAC) OR the patient meets the criteria for
sensory incomplete status (sensory function preserved
at the most caudal sacral segments (S4-S5) by LT, PP or
DAP), and has some sparing of motor function more
than three levels below the ipsilateral motor level on
either side of the body.
(This includes key or non-key muscle functions to
determine motor incomplete status.) For AIS C – less
than half of key muscle functions below the single NLI
have a muscle grade ≥ 3.

D = Motor Incomplete. Motor incomplete status as
defined above, with at least half (half or more) of key muscle
functions below the single NLI having a muscle grade ≥ 3.

E = Normal. If sensation and motor function as tested with
the ISNCSCI are graded as normal in all segments, and the
patient had prior deficits, then the AIS grade is E. Someone
without an initial SCI does not receive an AIS grade.

Using ND: To document the sensory, motor and NLI levels,
the ASIA Impairment Scale grade, and/or the zone of partial
preservation (ZPP) when they are unable to be determined
based on the examination results.

INTERNATIONAL STANDARDS FOR NEUROLOGICAL
CLASSIFICATION OF SPINAL CORD INJURY

Muscle Function Grading

0 = total paralysis

1 = palpable or visible contraction

2 = active movement, full range of motion (ROM) with gravity eliminated

3 = active movement, full ROM against gravity

4 = active movement, full ROM against gravity and moderate resistance
in a muscle specific position
5 = (normal) active movement, full ROM against gravity and full resistance in a
functional muscle position expected from an otherwise unimpaired person

5* = (normal) active movement, full ROM against gravity and sufficient resistance to
be considered normal if identified inhibiting factors (i.e. pain, disuse) were not present

NT = not testable (i.e. due to immobilization, severe pain such that the patient
cannot be graded, amputation of limb, or contracture of > 50% of the normal ROM)

Sensory Grading
0= Absent
1= Altered, either decreased/impaired sensation or hypersensitivity
2= Normal
NT= Not testable

When to Test Non-Key Muscles:
In a patient with an apparent AIS B classiÿcation, non-key muscle functions
more than 3 levels below the motor level on each side should be tested to
most accurately classify the injury (di°erentiate between AIS B and C).

Figure 22.3 The International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) examination work-
sheet. (From the American Spinal Injury Association: International Standards for Neurological Classification of Spinal Cord 
Injury, 2013; Atlanta, Georgia.)
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Table 22.4 Functional outcomes in spinal cord injury by neurological level of injury

Measure C1–C4 C5 C6 C7 C8–T1

Feeding Dependent Independent 
with adaptive 
equipment 
after setup

Independent 
with or 
without 
adaptive 
equipment

Independent Independent

Grooming Dependent Minimal 
assistance 
with 
equipment 
after setup

Some 
assistance to 
independent 
with adaptive 
equipment

Independent with 
adaptive 
equipment

Independent

UE dressing Dependent Requires 
assistance

Independent Independent Independent

LE dressing Dependent Dependent Require 
assistance

Some assistance to 
independent 
with adaptive 
equipment

Usually 
independent

Bathing Dependent Dependent Some 
assistance to 
independent 
with 
equipment

Some assistance to 
independent 
with equipment

Independent with 
equipment

Bed mobility Dependent Requires 
assistance

Requires 
assistance

Independent to 
some assistance

Independent

Weight shifts Independent in 
power chair 
with power tilt 
or recline 
mechanism

Requires 
assistance 
unless in 
power chair

Independent Independent Independent

Transfers Dependent Requires 
maximum 
assistance

Some 
assistance to 
indepen dent 
on level 
surfaces

Independent with 
or without board 
for level surfaces

Independent

Wheelchair 
propulsion

Independent 
with power 
chair; 
dependent in 
manual 
wheelchair

Independent 
with power 
chair; 
independent 
to some 
assistance in 
manual 
wheelchair 
with 
adaptations 
on level 
surfaces

Independent 
with manual 
wheelchair 
with coated 
rims on level 
surfaces

Independent, 
except for curbs 
and uneven 
terrain

Independent

Driving Unable Independent 
with 
adaptations

Independent 
with 
adaptations

Independent in car 
with hand 
controls or 
adapted van

Independent in car 
hand controls or 
adapted van

LE, lower extremity; UE, upper extremity.
Source: Adapted from Kirshblum, S.C. et al., Journal of Spinal Cord Medicine, 34, 535–546, 2011. With permission.
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acute i npatient r ehabilitation s tay. There a re m any o ut-
come measurement tools that are used for this including 
the P ediatric E valuation o f D isability I nventory ( PEDI) 
[57], t he F unctional I ndependence M easure f or C hildren 
(WeeFIMTM) [58], and the more recent Pediatric Evaluation 
of Disability Inventory Computer Adaptive Test (PEDI 
CAT) [59]. These tests a re to t ranslate f unctional progress 
on numerous i tems i nto a s tandardized s core t hat c an b e 
compared to age normative values.

While the most evident aspect of Acute Pediatric Inpatient 
Rehabilitation Programs is in addressing the physical needs 
of a c hild w ith injury, it i s just as important t hat t hey have 
means t o a ddress t he s ocial a nd em otional a spects o f n ew 
onset i mpairments. These a spects i mpose a s m any, i f n ot 
more, stressors on the child and the family. Acute Pediatric 
Inpatient R ehabilitation P rograms s hould h ave d edicated 
resources including psychology, social work, and counselors 
to address this with the child and family members.

Rehabilitation of pediatric TBI in the acute 
inpatient rehabilitation setting

In an effort to improve the standardization of acute inpatient 
rehabilitation care for children with TBI, quality indicators 
for c are c omponents [60], a nd s tructure a nd organization 

[61] of rehabilitation programs based on a Delphi technique 
have been published.

To gain a conceptual framework of how TBI recovery in 
children n aturally p rogresses, i t i s h elpful t o u nderstand 
the R ancho Level o f C ognitive F unctioning Scale ( LCFS). 
This s cale i s w idely a ccepted a s d escribing the p rocess o f 
cognitive recovery from coma to near normal recovery [62]. 
Understanding t he e xpected s teps i n T BI r ecovery a llows 
for anticipation of concerns that will arise as the child pro-
gresses including impaired arousal, agitation, and cognitive 
impairments (Table 22.5).

In t he a cute i npatient r ehabilitation s etting, t he i nitial 
step i n a ddressing a ny o f t hese c oncerns i s en vironmen-
tal m odiἀcation. This i ncludes p roviding en vironments 
with appropriate levels of stimulation, voice and reaction 
modulation, a nd re gular re direction f rom i nappropri-
ate r esponses o r a ctivities b efore u tilizing m edications 
for behavioral modulation [ 63]. A complete discussion o f 
 medication m anagement i n t he c hild w ith T BI i s b eyond 
the scope of this chapter; however, Pangilinan et al. provide 
an extensive review of pharmaceutical i ntervention i n t he 
child with TBI [64].

In LCFS levels I–III, impaired arousal is a major concern. 
The b roader c ategory o f i mpaired a rousal i s d isorders o f 
consciousness. I n c linical p ractice, d opaminergic a gents 

Table 22.5 Rancho Level of Cognitive Functioning Scale (LCFS)

____ (1) Level I—No response
Patient does not respond to external stimuli and appears asleep.

____ (2) Level II—Generalized response
Patient reacts to external stimuli in nonspecific, inconsistent, and nonpurposeful manner with stereotypic and 

limited responses.
____ (3) Level III—Localized response

Patient responds specifically and inconsistently with delays to stimuli, but may follow simple commands for 
motor action.

____ (4) Level IV—Confused, agitated response
Patient exhibits bizarre, nonpurposeful, incoherent, or inappropriate behaviors, has no short-term recall, 

attention is short and nonselective.
____ (5) Level V—Confused, inappropriate, nonagitated response

Patient gives random, fragmented, and nonpurposeful responses to complex or unstructured stimuli—simple 
commands are followed consistently, memory and selective attention are impaired, and new information is 
not retained.

____ (6) Level VI—Confused, appropriate response
Patient gives context-appropriate, goal-directed responses, dependent upon external input for direction. 

There is carry-over for relearned, but not for new tasks, and recent memory problems persist.
____ (7) Level VII—Automatic, appropriate response

Patient behaves appropriately in familiar settings, performs daily routines automatically, and shows carry-over 
for new learning at lower than normal rates. Patient initiates social interactions, but judgment remains 
impaired.

____ (8) Level VIII—Purposeful, appropriate response
Patient oriented and responds to the environment but abstract reasoning abilities are decreased relative to 

premorbid levels.

Source: Hagen, C. et al., Levels of Cognitive Functioning, Rancho Los Amigos Hospital, Downey, CA, 1972.
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(amantadine and methylphenidate) are the primary medica-
tions utilized to improve arousal. Use of these medications is 
based primarily on extrapolations from adult TBI literature, 
as there is a dearth of pediatric literature speciἀcally related 
to the use of these medications in the child with a TBI [65,66].

In LCFS l evel I V, the m ain c oncern t urns t o agitation. 
This can manifest as physical aggression that requires spe-
cialized t raining t o r ecognize e scalations a nd t echniques 
to deescalate behaviors. Efforts have been undertaken to 
solidify the symptoms speciἀcally associated with the term 
agitation following TBI. The consensus deἀnition published 
is “posttraumatic amnesia plus an excess of behavior such as 
aggression, disinhibition, and/or emotional lability” [67]. As 
with arousal, most medication management is derived from 
the l iterature i n a dult T BI p opulations. The t wo a spects 
that need addressing at this stage are sleep/wake cycles and 
behaviors while awake. Normalizing the sleep/wake cycles 
of a n a gitated c hild c an b e quite d ifficult, t hough provid-
ing a s tructured, predictable routine i s paramount to suc-
cess. In addition, medications such as melatonin for sleep 
cycle a rchitecture re gulation a nd t razodone f or s leep i ni-
tiation c an b e v ery u seful. A ddressing a gitated b ehavior 
while a wake r equires a m ultidisciplinary t eam a pproach, 
structured en vironments, a nd o ften, m edication m anage-
ment. Clinically, the options include benzodiazepine drugs, 
β-blockers, a nticonvulsant a gents, a ntidepressant m edica-
tions, and antipsychotic agents [63,64,66].

Once the child has progressed through LCFS level 4, 
then the primary concern becomes the many varied cogni-
tive deἀcits associated with TBI which will affect all learn-
ing and education goals during and beyond the child’s stay 
in t he A cute P ediatric I npatient R ehabilitation P rogram. 
This i s w hy i t i s i mportant t o h ave c aregiver i nvolvement 
and training. The primary deἀcits include, but are not lim-
ited to, attention, memory, processing speed, and executive 
functions [4,16]. Identiἀcation o f p atterns a ssociated w ith 
these deἀcits and education on treatments and accommo-
dations b ecome t he r esponsibility o f t he a cute i npatient 
rehabilitation team.

The most visible aspect of acute inpatient rehabilitation is 
in the realm of mobility. In most instances, physical recov-
ery o ccurs b efore c ognitive r ecovery, a nd m uch t raining 
and education during inpatient rehabilitation is focused on 
safety w ith m obility a nd a ctivities o f d aily l iving (ADLs), 
the c ognitive a spects o f mobility a nd A DLs. However, for 
those c hildren w ho do h ave physical d eἀcits (in b oth T BI 
and TSCI) with mobility and/or ADLs, one of the primary 
determinants of mobility a nd self-care i s t he development 
of movement disorders that include hypertonia [68], nega-
tive motor signs [69], and hyperkinetic movements [70]. The 
management strategies in the child with injury begin with 
stretching, bracing, and t herapies, move to systemic man-
agement w ith o ral m edications [ 71,72], p rogress t o f ocal 
chemical d enervation w ith i njections o f b otulinum t oxin 
and/or phenol [73], and ἀ nally move to orthopedic and/or 
neurosurgical i nterventions s uch a s i ntrathecal b aclofen 
[74] and deep brain stimulation (Table 22.6) [75].

Rehabilitation of pediatric TSCI in the acute 
inpatient rehabilitation setting

In the acute inpatient rehabilitation setting, medical man-
agement and education in a c hild with a TSCI can be pre-
dominantly divided into two areas: those dependent on the 
level of injury (AD and respiratory compromise) and those 
independent of level of injury (neurogenic bladder, neuro-
genic bowel, pressure ulcers, and spasticity).

A c hild w hose s pinal c ord i s i njured a t t he T 6 l evel o r 
above is at r isk of developing AD. “AD is a symptom com-
plex t hat a rises f rom a n oxious o r i ntense s timulus b elow 
the level of injury t hat leads to a n u nopposed d ischarge of 
the sympathetic nervous system. This sympathetic discharge 
is u nable t o b e m odulated f rom h igher c erebral c enters 
and often results in hypertension” [24]. It represents a l ife-
threatening situation and requires intact spinal reflexes (i.e., 
patient cannot be in stage 1 of spinal shock). AD is seen with 
greater f requency i n c omplete i njuries, t etraplegia, a nd i n 
children over 5 years old. The most common causes are uro-
logic (75%) and bowel impaction (18%). The most common 
symptoms/complaints a re f acial flushing (43%), h eadaches 
(24%—uncommon i n <5 y ears), s weating (15%), a nd p ilo-
erection (14%—uncommon in <5 years). The most common 
signs are blood pressure elevations (93%), tachycardia (50%), 
and bradycardia (12.5%) [76]. Due to average blood pressures 
in children varying by age, the Consortium for Spinal Cord 
Medicine p ublished s uggested g uidelines f or d etermining 
signiἀcant hypertension in AD—children: 15 mmHg above 
baseline; adolescents: 15–20 mmHg above baseline [77].

AD t reatment a lgorithms h ave b een d eveloped s peciἀ-
cally for children <13 years, and >13 years [78]; however, in 
general, the patient should be placed in a seated/ semireclined 
position with head elevated and the inciting problem needs 
to be found. If a child’s blood pressure should elevate above 
the a ge r ecommendations, u se o f m edications s uch a s 
 sublingual Nifedipine or Nitroglycerine paste applied to the 
chest wall above the level of injury may be used (Figure 22.4).

In c hildren w ith i njuries a t C 5 o r a bove, r espiratory 
compromise is of great concern in the acute inpatient reha-
bilitation setting. The anatomic structures of import are the 
phrenic nerves (origin C3–5) that innervate the main mus-
cle of respiration, the diaphragm; the intercostal nerves that 
innervate the secondary muscles of respiration, the internal 
and external intercostal muscles; and the abdominal mus-
cles that serve to increase cough effectiveness. When affect-
ing this m usculature, f orced v ital capacity drops and t he 
efficacy of coughing/clearing mucus from the respiratory 
system is severely compromised. This can lead to a h igher 
predisposition t o p neumonia, c hronic a telectasis, m ucus 
plugging, n octurnal h ypoventilation, h ypoxemia, h yper-
capnia, and obstructive sleep apnea. Primary management 
of r espiratory c ompromise due t o S CI i ncludes t he u se o f 
abdominal b inders, i ncentive i nspirometry, c hest p ercus-
sion, and postural drainage. This is followed by t he use of 
Flutter valves, Acapella devices, and continuous positive 
airway p ressure ( CPAP)/bilevel p ositive a irway p ressure 
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Table 22.6  Medications used to treat spasticity in children

Drug Mechanism of action Side effects and precautions Pharmacology and dosing

Baclofen Binds to receptors (GABA) in the 
spinal cord to inhibit reticular 
formation and spinal cord to 
inhibit reflexes that lead to 
increased tone

Sedation, confusion, nausea, 
dizziness, muscle weakness, 
hypotonia, ataxia, and 
paresthesias

Rapidly absorbed after oral 
dosing, mean half-life of 3.5 h

Also binds to receptors in the 
brain leading to sedation

Can cause loss of seizure control Excreted mainly through the 
kidney

Withdrawal can produce 
seizures, rebound hypertonia, 
fever, and death

Dosing: in children start 
2.5–5 mg/d, increase to 
30 mg/d (in children 2–7 years 
of age) or 60 mg/d (in children 
8 years of age and older)

Diazepam Facilitates postsynaptic binding 
of a neurotransmitter (GABA) 
in the brain stem, reticular 
formation and spinal cord to 
inhibit reflexes that lead to 
increased tone

Central nervous system 
depression causing sedation, 
decreased motor coordination, 
impaired attention and 
memory

Well absorbed after oral dosing, 
mean half-life 20–80 h

Overdoses and withdrawal both 
occur

Metabolized mainly in the liver

The sedative effect generally 
limits use to severely involved 
children

In children, does range from 
0.12–0.8 mg/kg/d in divided 
doses

Clonidine Alpha 2-agonish; acts in both the 
brain and spinal cord to 
enhance presynaptic inhibition 
of reflexes that lead to 
increased tone

Bradycardia, hypotension, dry 
mouth, drowsiness, dizziness, 
constipation, and depression

Well absorbed after oral dosing, 
mean half-life is 5–19 h

These side effects are common 
and cause half of patients to 
discontinue the medication

Half is metabolized in liver and 
half is excreted by kidney

Start with 0.05 mg bid, titrate up 
until side effects limit tolerance

May use patch
Tizanidine Alpha 2-agonist Dry mouth, sedation, dizziness, 

visual hallucinations, elevated 
liver enzymes, insomnia, and 
muscle weakness

Well absorbed after oral dosing, 
half-life 2.5 hours

Extensive first pass metabolism in 
liver

Start with 2 mg at bedtime and 
increase until side effects limit 
tolerance, maximum 36 mg/d

Dantrolene 
sodium

Works directly on the muscle to 
decrease muscle force 
produced during contraction

Most important side effect is 
hepatotoxicity (2%), which may 
be severe

Oral dose is approximately 70% 
absorbed in small intestine, 
half-life is 15 hours

Little effect on smooth and 
cardiac muscles

Liver function tests must be 
monitored monthly, initially, 
and then several times per year

Mostly metabolized in the liver

Other side effects are mild 
sedation, dizziness, diarrhea, 
and paresthesias

Pediatric dose range from 
0.5 mg/kg, bid, up to a 
maximum of 3 mg/kg, qid

Source: Green, L.B. and Hurvitz, E.A., Physical Medicine & Rehabilitation Clinics of North America, 18, 859–882, 2007.
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(BIPAP) that provide noninvasive positive pressure ventila-
tion [79]. At times, diaphragmatic pacing can be considered 
[80]. While the literature suggests that the diaphragm may 
recover a t l east p artially i n t he ἀ rst y ear a fter i njury [81], 
two essential techniques t hat must be learned by children 
with SCIs are glossopharyngeal (GP) breathing [82] and the 

assisted cough or “quad cough” [83]. In GP breathing, t he 
“muscles of the mouth and pharynx are used to propel small 
volumes of air through the larynx into the lower airways. 
The g lottis i s u sed to t rap t he a ir i nto t he lungs while t he 
next gulp of air is being processed. The process is repeated 
until a satisfactory breath is obtained” (Figure 22.5).

If blood
pressure
remains

unchanged or
increases,

notify
physician/nurse
practitioner and

Remove gradient elastic stockings/abdominal
binders. Loosen clothing/shoes.

Monitor heart rate and blood pressure
every 5 min.

For temperatures >38.5, remove/change
external temperature sources such as blankets.

Perform bladder  management steps.

Take vital signs.

4)

5)

6)

7)

8)

9a) 9b)

10)

11)

12)

13)

14)

15)

16)

3)

2)

1)

Call for assistance. Notify
physician/nurse practitioner.

Consider nifedipine or nitropaste.
Monitor for hypotension.

Perform bladder management steps.

*Algorithms are based on a child in the 50th
percentile height. Use clinical judgement to
determine appropriate algorithm if child is
smaller or larger than 50th percentile for height.

Blood pressure >30 mm Hg
 systolic above baseline.

Blood pressure ˜15 mmHg–30 mmHg 
above baseline systolic.

Elevate patient’s head unless contraindicated.
Reposition patient.

Assess patient, including blood pressure/
pulse/temperature.

Place patient on monitor (blood
pressure, heart and respiratory rate,

temperature, EKG if appropriate).
Monitor vital signs.

If blood pressure continues to be
elevated, perform bowel

management steps. Consider
medications if not previously

administered. Monitor for
hypotension.

If blood pressure remains >30 mmHg,
notify physician and prepare for

probable transfer to ICU.

If blood
pressure

decreases,
continue to

monitor vital
signs until

blood pressure
normal and

patient
asymptomatic.

Figure 22.4 Autonomic dysreflexia (AD) treatment algorithm for <13 year. (From McGinnis, K.B. et al., Journal of Spinal 
Cord Medicine, 27, S61, 2004.)
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The a ssisted c ough o r “ quad c ough” i s a m aneuver i n 
which a care provider performs an abdominal thrust and/or 
squeeze over the chest wall that is coordinated with either 
the patient’s spontaneous breath or with an assisted breath. 
Contraindications to quad coughing are as follows: unstable 
spine i n t raction, i nternal abdominal complications, chest 
trauma s uch a s f ractured r ibs, a nd a r ecently p laced vena 
cava ἀlter [83].

In a ddition t o m anaging t he a forementioned i njury 
level dependent s equelae, a n acute i npatient rehabilitation 
program m ust a ddress a ll b owel a nd b ladder p rograms 
with t he c ontext o f a ge-appropriate d evelopment. F or t he 
bladder, t his i ncludes preschool: p articipation; s chool a ge: 
should have been taught clean intermittent catheterization 
and should be close to independent, depending on hand 
function [84]. Similarly for the bowel, this includes toddler: 
gather supplies, use potty chair, cooperate; preschooler: bear 
down, clean up, cooperate; and school age: gradual transfer 
of responsibility [85].

The g oals o f m anaging a n eurogenic b ladder a re t he 
prevention o f l ife-threatening c omplications ( i.e., A D, 
urosepsis, e tc.), p reservation o f r enal f unction, a nd s ocial 
continence. These a re t raditionally a ttained t hrough a n 
intermittent c atheterization p rogram, a n e xternal c ollec-
tion s ystem, r eflex/pressure v oiding, a nd/or i ndwelling 
catheters. More invasive options include functional electri-
cal s timulation ( FES), ne uromodulation a nd F ES, p roce-
dures for increased outlet resistance, bladder augmentation, 
and surgical urinary diversion. Three common medications 
used t o a ssist i n m eeting t hese g oals a re a nticholinergics, 
imipramine, a nd pseudoephedrine. One of t he most com-
mon p roblems w ith m anaging a n eurogenic b ladder i s 
urinary tract infections; however, while symptomatic infec-
tions are treated with antibiotics, bladders will be colonized 
with bacteria and can lead to bacturia that is asymptomatic. 
This is typically followed and not treated [53,84].

The g oals o f m anaging n eurogenic b owel a re t o c on-
trol c onstipation v ia d aily a nd c omplete e limination a t a 
socially convenient time and allowance for age-appropriate 
independence. The ἀrst of the traditional approaches to 
meeting t hese g oals i ncludes a n a ppropriate d iet t hat h as 
adequate ἀber (5 g + 1 g for each year of age), adequate hydra-
tion (a 10 kg-child required 1 L a d ay, a 25–kg child requires 

1.6 L a day, a teenager requires 2 L per day), and exercise 
and activity. Habit training is an important approach which 
entails  placing t he child on t he toilet 15 min a fter a m eal, 
allowing him to “push,” but not having him there for lon-
ger t han 10–15 m in. Success w ill l ikely b e i mproved w ith 
the u tilization o f d igital s timulation, s uppositories, a nd 
small-volume enemas, and at t imes, large-volume enemas. 
If p roblems p ersist, o ptions t hat c an b e d iscussed a t t he 
outpatient s etting are a bowel m anagement t ube (with a n 
inflatable bulb) and cone irrigation system, antegrade con-
tinence enema, and biofeedback with therapeutic electrical 
stimulation [84].

One additional area of sentinel importance to the child 
with a T SCI a nd r ehabilitation p rofessionals i s p ressure 
ulcer prevention and management. Pressure ulcers have an 
incidence of 25%–66% i n t he SCI population a nd costs i n 
the United S tates a lone t op $11 b illion a nnually for t reat-
ment [86]. The primary prevention methods i nclude pres-
sure reliefs, daily full body skin checks, and appropriate 
urinary/bowel management.

The challenges of educating a c hild with injury and the 
child’s caregivers are compounded when the child also has 
a concomitant TBI. One of the few studies that have looked 
into t his topic found t hat i n a s ingle c enter, 39 out of 103 
cervical TSCI also had closed head injuries, and that 90% of 
children who died with a TSCI had concurrent closed head 
injuries [87].

Additional c omplications s een i n t he i npatient r ehabili-
tation s etting a re s pasticity ( see s ection “ Rehabilitation of  
Pediatric TBI in the Acute Inpatient Rehabilitation Setting”), 
immobilization hypercalcemia, heterotopic ossiἀcation (HO), 
psychological adjustment, depression, and anxiety [50].

Rehabilitation in the outpatient 
rehabilitation setting

Once a child with the injury is discharged from an inpatient 
rehabilitation program, the rehabilitation process continues. 
This m ay b e i n a n outpatient program w here t herapies a re 
provided 1–3 times a week, or in a day rehabilitation program 
where the child attends daily, but sleeps in the home setting.

Outpatient follow-up for TBI will include further evalu-
ations of neurocognitive deἀcits and their effect on reinte-
gration i nto t he home a nd school setting. It w ill continue 
to address topics of sleep/wake cycle disturbances, behavior 
and mood d isturbances, a nd t he application of t hese top-
ics to the child’s life as he/she grows into a contributing 
member of society.

Outpatient TSCI follow-up will initially focus on preven-
tion of readmissions [88], and then move toward the follow-
ing—(1) overuse injuries: rotator cuff tears and carpal tunnel 
syndrome [89]; (2) pain a nd development of chronic pain: 
nociceptive, neuropathic [90]; (3) psychological adjustment: 
depression, anxiety, suicide [89]; (4) paralytic scoliosis [91]; 
and ( 5) s exuality: m arriage, d ivorce, s exual dy sfunction, 
reproduction, abuse, and parenting [92].

Step 1 Step 2 Step 3

Figure 22.5 Glossopharyngeal (GP) breathing. (From 
Maltais, F., American Journal of Respiratory and Critical 
Care Medicine, 184, 381, 2011.)
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Communication with families

MARY E. FALLAT, TIFFANY N. WRIGHT, and ANITA P. BARBEE

Introduction

ἀ e ability to communicate effectively with patients and their 
families i s o ne o f t he m ost v aluable s kills t hat a p hysician 
should p ossess. I t i s t he v ehicle t hrough w hich p hysicians 
and other members of the multidisciplinary team engage in 
patient- and family-centered care and signals to family mem-
bers t hat t hey are part of t he c are t eam [1]. Effective c om-
munication i s t he bridge t o a r elationship o f t rust b etween 
the p hysician a nd t he c hild a nd f amily. ἀ is s kill b ecomes 
even more i mportant when a p hysician must communicate 
distressing i nformation, w hen a c hild’s c ondition d eterio-
rates, or if death occurs. How such information is conveyed 
during c atastrophic e vents h as a p rofound i mpact o n t he 
coping and grieving process of families [2]. It is v ital that a  
physician be educated in and adhere to principles of compas-
sionate communication that are outlined by the Institute for 
Medicine and the American Academy of Pediatrics [3,4]. ἀ e 
informant’s behavior and preparedness during these times of 
crisis will have a lasting effect on the family.

ἀ e three primary components of successful communi-
cation a re c ompassion, c larity, a nd a p roper en vironment 
[5,6]. Much useful information is available from retrospec-
tive reviews of family members’ experiences during times of 
change or sudden death [1,7–9].

Compassionate delivery of information is one of the most 
important factors i n acute event notification [10]. W hile a 
caring m anner i s o ften n aturally d isplayed b y p hysicians 
who have been directly involved in a patient’s care, there are 

certain circumstances that complicate this interaction. One 
situation involves the initial care of an unstable trauma vic-
tim, in which a prior relationship has not been established 
with family members. W hether a t rauma v ictim i s hemo-
dynamically normal or abnormal, the simple fact that their 
child has been injured will qualify as bad news to parents.

It is important for the family to know that helping their 
loved one is of paramount importance. ἀ is is conveyed by 
the use of phrases such as “We are doing (or we did in the case 
of death) everything we can (could) to help your child” and 
explaining the steps in the medical intervention [11]. Using the 
child’s name during conversations about care is a simple action 
that immediately brings the interview to a more personal level. 
It is equally important to use correct pronunciation and appro-
priate gender references as defined by the young person. One 
can no longer assume a child’s gender by their appearance. A 
simple way to understand gender identity of a patient is to ask 
what pronoun the patient uses [1]. Most transgender people use 
pronouns we are most familiar with like “he” and “she,” and 
usually dress and groom in alignment with our culture’s gen-
der expectations. However, there are exceptions. Some people 
are not able or do not want to align with binary gender stereo-
types and prefer the subjective pronoun.

Basic public speaking skills such as eye contact and tim-
ing are important adjuncts to use when speaking with fami-
lies. Looking at all persons gathered together while talking, 
in order to acknowledge the individuals present, including 
any siblings, makes a conversation more meaningful [1,12]. 
Speaking i n a c alm, q uiet m anner t hat c onveys f eelings 
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of em pathy a bout t he c hild’s c ondition a nd t he i mpact 
that this news is having on family members is also part of 
compassionate c ommunication. I t i s e qually i mportant t o 
pause during the conversation, a llowing adequate t ime for 
input a nd q uestions. A sking p arents f or i nformation t hat 
might help treatment or lead to different courses of action 
is vital. Actually asking, “Are there any questions?” o ften 
prompts parents to seek answers they otherwise would have 
been afraid to ask. It a lso provides confirmation that their 
thoughts a nd q uestions a re v alid, a nd r einforces t hat t he 
child a nd t he f amily a re e qually i mportant t o t he p hysi-
cian [13,14]. Ultimately, the message and the messenger are 
inseparable [15].

After c ompassionate d elivery, c larity o f t he m essage i s 
the m ost i mportant f actor i n c ommunication. D uring a n 
acute c risis, i t i s n ot u ncommon f or f amily m embers t o 
unconsciously repress intolerable facts. Even if they do hear 
what the physician has said, comprehension may be delayed. 
For t his r eason, t he p hysician m ust b e c lear, h onest, a nd 
give simple explanations. Repetition and patience are often 
required. ἀ e p hysician m ust s et a side a n a mple a mount 
of t ime to spend with a g iven family [13]. ἀ is is t ime well 
spent, as it paves the way for future interactions.

It is vital that the health care provider should be aware 
of the facts related to the medical situation before the inter-
view begins [13,16]. Possessing accurate knowledge allows a 
physician to be more confident and in control and conveys 
a sense that the family member has received care from an 
informed, prepared provider.

Often, it is not possible to relay all of the facts at one set-
ting. ἀ is i s w hen pacing b ecomes i mportant. ἀ is means 
that the family is given t ime to process a f undamental but 
finite a mount o f i nformation. A fter a p eriod o f t ime, t he 
physician c an return and add m ore i nformation to t his 
frame of reference. ἀ is facilitates understanding and more 
effective decision-making, if required [17,18]. In addition, it 
dampens the initial dismay when families are told of a con-
cerning change in their loved one’s condition. It is helpful 
to provide a summary of findings as each interview is com-
pleted, including a discussion about when the next meeting 
is likely to occur. Although the above concepts are pertinent 
to most encounters, it is important to adapt communica-
tion style to the g iven situation, as parental responses will 
be dependent on individual circumstances.

ἀ e c onditions o f t he i nformation s ession i nclude t he 
physical environment and the timing of the interaction. 
ἀ e best time to talk with families, particularly about acute 
change, is as soon as possible after the change occurs. ἀ is 
can be especially difficult in the emergency department, as 
the f ocus o f t he p hysicians’ a ttention i s o n a ssessing a nd 
treating the child. A compounding factor is that the family 
may not arrive at the hospital until the child has been there 
for some time. ἀ e child may already have been taken to the 
critical care unit or operating room, resulting in a necessary 
delay before the physician can speak with family members. 
In this circumstance, one member of the trauma team may 
be asked to leave and communicate with the child’s family.

ἀ e p hysical en vironment i s e xtremely i mportant f or 
effective communication. Privacy is vital. Even in an acute 
setting such as the emergency department, a quiet area away 
from other people should be set aside, where the physician 
can sit down with the family and speak freely and openly. 
Ideally, the person who speaks with a family should be the 
health care provider who has had the most interaction with 
them, and with whom the family has formed a relationship 
of trust. Since this is not feasible in the acute trauma setting, 
it i s helpful to a llow such interactions to take place in t he 
presence of the family’s support system and a member of the 
hospital’s family support team. Family members want to be 
advised of distressing information expeditiously and in the 
company of their loved ones [15,19].

ἀ e manner in which families are told of their child’s status 
should be tailored to the individual situation. If you are inter-
acting with family members who came to the United States 
as immigrants or refugees, they may not be able to speak or 
understand E nglish ( limited i n E nglish p roficiency [LEP]), 
especially medical jargon. ἀ us, it is critical to alert the hos-
pital s o t hat a t ranslator c an b e d ispatched i mmediately t o 
help with the communication effort or to use a trained trans-
lator by phone. Often younger members of the family speak 
and understand the English language better than parents or 
grandparents d o, b ut i t i s p referable t o h ave a p rofessional 
adult translator rather than a minor, related child convey bad 
news to their elders. Family members, friends, and untrained 
bilingual h ospital s taff who p rovide a d h oc i nterpretation 
frequently commit errors of interpretation. In fact, false flu-
ency errors by untrained hospital interpreters can be almost 
as common as by ad hoc interpreters because of a lack of skills 
training. ἀ e approach will also be dependent upon whether 
or not the child is likely to recover. Family responses will vary 
depending on the circumstances and their culture [20], and 
the physician should be prepared for this.

Fortunately, t he m ost c ommon s cenario a n i ndividual 
physician w ill en counter w hen s peaking w ith a f amily i s 
one i n which a c hild i s l ikely to recover. I n some c ircum-
stances, t he c hild w ill recover a nd b e normal, but i n oth-
ers the child will more likely recover with impairments. In 
either situation, the key to an effective interaction is clarity 
and honesty. ἀ e informant must be informed and forth-
right about every aspect of the patient’s care and prognosis. 
Family m embers w ill u nderstandably h ave q uestions. ἀ e 
medical care provider who is able to adequately address the 
questions will quickly and deservedly earn a family’s trust, 
whether o r n ot t he a nswers t o t he q uestions a re a pparent 
when the conversation occurs [21].

When a child dies

Delivery of t he news of a c hild’s death has a n impact t hat 
will last a lifetime [2]. In the case of sudden death, prepara-
tion is not possible. While the principles of communication 
already discussed apply, it is often difficult during times of 
acute crisis for families to remember what i s told to t hem 
[22]. It is beneficial for a t hird party, often the chaplain or 
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another member of the family support team, to remain with 
the family for a time or meet with them again to ensure that 
there are no unresolved issues or unanswered questions. 
ἀ is i s h elpful i n p reventing s ome a spects o f p athologic 
grief that can stem from a l ack of complete understanding 
on the part of the family [2,23].

Families of children who are chronically ill or have a more 
protracted course prior to death have a u nique s et of needs 
[24]. ἀ e physician and family have often had time to establish 
a relationship of trust and understanding. ἀ is scenario allows 
the health care provider to more adequately prepare the fam-
ily for the death or for the possibility of death [25]. However, 
there are situations where parents are not open to discussions 
about the eventuality of death. ἀ ey naturally do not want to 
feel t hat t hey h ave g iven u p o n t heir c hild. A lthough m ore 
challenging, it is still the physician’s responsibility to provide 
continual support and honest information during the child’s 
illness and at the time of death. Follow-up after the death of 
a child is a lso critical for a s ense of closure, to a id in family 
coping during the bereavement period, and to prevent feelings 
of abandonment by the medical team that cared for the child 
[26]. Specific recommendations for bereavement care include 
(1) reminding the family that “everything was done” for their 
child can help prevent complicated mourning; (2) attending 
visitations, f uneral, o r m emorial s ervices s hows t he f amily 
that members of t he medical team cared for t he child as an 
individual; (3) p roviding f ollow-up c ontact a f ew d ays a fter 
the death ensures family members they have the support they 
need; (4) s cheduling a p ostdeath c onference w ith t he f am-
ily a f ew weeks or months a fter t he death w ill a llow review 
of t he s equence o f e vents t hat l ed t o t he c hild’s d eath a nd 
reassurance t hat b ereavement s upport c an r educe d istress; 
(5) ensuring that family have access to ongoing support from 
social w orkers, t herapists, o r c haplains w ho a re p art o f t he 
multidisciplinary t eam w ill e stablish c ontinuity o f b ereave-
ment care; (6) referring family to other bereavement special-
ists in the community such as hospice, grief support agencies, 
Compassionate Friends, or other parent support groups will 
extend their support structure outside of the hospital family; 
(7) offering psychoeducation about the potentially prolonged 
nature of grief will allow them to better embrace and under-
stand the normal grieving process; and (8) sending notes or 
calling on the anniversary will reinforce the memory of their 
loved one and let them know you have not forgotten them [1].

Family presence during resuscitation

A c oncept t hat i s r eceiving m ore a ttention b ut r emains 
somewhat contentious in the setting of acute trauma is fam-
ily p resence d uring c ardiopulmonary r esuscitation ( CPR) 
[14,27]. Interestingly, most family members have a desire to 
be present during the resuscitation of their child. ἀ ey want 
the reassurance through the observation that medical per-
sonnel are vigorously trying to save their child’s life. It is also 
conceivable that this will be the last time that their child is 
“alive” a nd p arents w ant t o b e t here a t t he t ime of d eath. 
In interviews with family members who have been present 

during end-of-life procedures, there is a common theme of 
overwhelming gratitude for having been given the opportu-
nity to be present. ἀ is seems to be constant, regardless of 
the outcome of the medical efforts. For the surviving family 
members, it removes doubt about what occurred and helps 
them understand that everything possible was done to save 
their loved one. ἀ is allows for a more healthy grieving pro-
cess [27–30]. A recent systematic review of studies on family 
presence during pediatric resuscitations indicates that par-
ents who were present during the resuscitation of their child 
would choose to be present again if faced with that option 
and w ould r ecommend t he s ame t o o thers. ἀ ese p arents 
had b etter c oping a nd l ess d istress r elated t o t heir c hild’s 
death than parents who were not a llowed to be present for 
the resuscitation [31].

ἀ ere a lso s eems t o b e a s trong d esire o n t he p art o f 
family m embers, p articularly p arents, t o b e p resent d ur-
ing i nvasive procedures. ἀ e a bility to s tay w ith t he c hild 
decreases the anxiety level of the parents and child. ἀ ere is 
no consistent evidence that family presence distracts from 
the p rovision o f o ptimal m edical c are. I n f act, o ne s tudy 
showed t hat only a f ew providers felt a s t hough t here was 
an impact on technical performance, therapeutic decision-
making, or teaching [32].

Understanding brain death

While t here a re c lear-cut medical criteria for brain death, 
this information is often very difficult to communicate to 
families [ 33]. F urther, a m isunderstanding o f w hat b rain 
death r epresents c an b e a s ource o f p arental g uilt i f v oli-
tional withdrawal of care occurs. Such grief can later stem 
from m isconceptions t hat t he f amily w as a n i nstrument 
in t he child’s death or gave up on t he child too soon. ἀ e 
lay press and other media venues can be particularly mis-
leading about recovery f rom “ deep coma” [2,34]. One way 
to provide comfort to patient families i s to c learly explain 
that waiting longer would not have helped. ἀ ere are books 
available to help with communication efforts. Some families 
may wish to view test results or witness the apnea test.

Each state has criteria for brain death. An example of a 
legal definition for the determination of brain death is as 
follows. ἀ e o ccurrence o f h uman d eath s hall b e d eter-
mined in accordance with the usual and customary s tan-
dard of medical practice, provided t hat death shall not be 
determined to have occurred unless the following minimal 
conditions have been met:

 1. When respiration and circulation are not artificially 
maintained, there is an irreversible cessation of sponta-
neous respiration and circulation or

 2. When respiration and circulation are artificially main-
tained, there is total and irreversible cessation of all 
brain function, including the brainstem.

Individual state criteria may require verification of brain 
death by more than one licensed physician, and verification 
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more t han once a t s ome l ater t ime i nterval. I f pharmaco-
logic a gents h ave b een u sed t hat preclude doing a n apnea 
test, a brain blood flow study may be needed.

An e xample o f t he c linical c riteria for t he d iagnosis o f 
brain death is as follows:

 1. Determine and document the probable cause of death.
 2. ἀ e patient must be normothermic (temperature 

>36°C).
 3. ἀ e absence of narcotics, sedatives, and hypnotics.
 4. Exclude high cervical spine fracture.
 5. Glasgow Coma Scale of 3 (i.e., no motor or verbal 

response to pain and no eye opening).
 6. Absent brain stem reflexes, including the pupillary light 

reflex, corneal reflex, gag reflex, cough reflex, oculoce-
phalic (doll’s eye) reflex, and the oculovestibular (cold 
water caloric) test.

 7. Valid apnea test
 a. Monitor cardiac rhythm and arterial blood pres-

sure. Stop test if moderate to severe hypotension or 
dysrhythmia occurs.

 b. Preoxygenate with an FiO2 of 100%.
 c. Start test with a PaCO2 of 40 mmHg.
 d. Obtain an arterial blood gas (ABG) prior to discon-

necting the patient from the ventilator.
 e. Disconnect the patient from the ventilator. Supply 

6–7 L/min of 100% oxygen through tubing inserted 
into the endotracheal (ET) tube.

 f. Watch the patient for any evidence of spontaneous 
respiratory effort.

 g. Approximately 10 minutes after disconnecting the 
patient from the ventilator, obtain an ABG.

 h. Connect the patient to the ventilator and adjust to 
pretest settings.

 i. PaCO2 must be 60 mmHg or greater or 20 mmHg 
above the patient’s baseline on the posttest ABG for 
the test to be valid.

Organ donation issues

In seeking consent for organ donation, effective commu-
nication i s e ssential a nd should t ake place i n a c omfort-
able, p rivate a rea a nd n ot a t t he p atient’s b edside [ 13]. 
ἀ is i nteraction s hould o ccur a fter t he f amily h as b een 
 notified of brain death a nd has had t ime to comprehend 
this  information, a nd i n t he presence o f a l imited num-
ber of persons who have been chosen by the parents. ἀ e 
process of temporally separating brain death determina-
tion a nd  potential o rgan d onation i s c alled decoupling. 
Decoupling g ives t he f amily t ime t o g rieve t heir l oved 
one’s death.

Once f amilies h ave h ad t ime t o p rocess t he d eath o f 
their l oved o ne, a d iscussion s hould b e h eld r egarding 
organ donation. ἀ e Centers for Medicare and Medicaid’s 
Federal C onditions o f P articipation ( COP) re quires t hat 

all families be given the opportunity for organ and tissue 
donation. Numerous studies have shown that the organ 
donation rate is greatly dependent on this initial interac-
tion. ἀ e C OP r equires t hat t he d iscussion o f p otential 
organ donation be led by someone w ith specific t raining 
in this area, typically an organ procurement organization 
(OPO) representative. Physicians a re a lso a llowed to lead 
this discussion if they have had formal training approved 
by their local OPO. ἀ ese discussions work best when they 
take place in a private area, and when the physicians and 
OPO r epresentatives w ork t ogether. P hysicians a re n ot 
prohibited f rom d iscussing o rgan d onation i f t he f amily 
brings up the topic [35].

If organ donation is not chosen, it is an optimal time to 
begin explaining and discussing the process for discontinu-
ing ventilator support. In either case, the goal of the physi-
cian is to lead surviving family members to a decision that is 
personal, thoughtful, and comfortable for them.

Bereavement

Losses are inevitable, but there is no greater acute stress for a 
family than the sudden loss of a child due to injury through 
an accident, natural disaster, suicide, or violent attack from 
domestic or neighborhood v iolence or w ar [36]. ἀ ere a re 
predictable windows for building resilience in the midst of 
an em otionally c harged en vironment, f or b oth p roviders 
and the patient’s family.

The family: Coping with unpredictability

Nothing i n a p arents’ e xperience p repares t hem f or t he 
emotional chaos and lack of predictability that is character-
istic of pediatric trauma. By the t ime their child arrives at 
the emergency room, t he accompanying adults a re under-
standably overwhelmed by feelings of shock, confusion, and 
fear for t heir child’s s afety. ἀ ey l iterally p lace t heir child 
and their faith in the competent hands of the trauma team. 
ἀ e trauma team’s first response is to the medical/surgical 
assessment and treatment of the pediatric patient. However, 
the f ocus o f t his s ection i s t o d escribe t he a ccompanying 
psychosocial issues for the family that inform our handling 
of their needs.

The family’s acute grief reaction

What d o f amilies n eed a s t hey en ter t he em ergency 
department? ἀ ey look to the trauma team to assure them 
that their child will b e all right. A ll p arents w ant two 
characteristics i n a p hysician d uring a c risis: e xpertise 
and  experience. ἀ ey w ant t heir s urgeon (and h ospital) 
to have t he u ltimate expertise and level of skill and t hey 
want t heir s urgeon t o b e p erforming t his s kill o n t heir 
child not for the fourth time but for the four thousandth 
time.
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Expertise a nd e xperience: ἀ e p erfect a nswer t o t he 
unpredictable e vent t hat h as p ut t heir p recious c hild a t 
risk.

In the midst of trauma, therefore, the family must receive 
assurance about the team’s expertise and experience.

 ● Who should communicate with the family?
 ● What can be expected as an understandable and pre-

dictable response to their acute grief reaction?
 ● What is “best practice” or protocol in this psychosocial 

arena, which anticipates family needs?

ἀ e term “protocol” suggests a prescribed procedure that 
responds in kind to the acute grief reaction from the family 
members as well as the child if he or she is conscious. Often 
a lack of time compromises the ability to foster a completely 
satisfactory c ommunication. ἀ e family n eeds t o know: 
(1) the status of their child, (2) what is being done, (3) what 
is the expertise and experience of those treating her, and 
(4) will she be okay? In some hospitals, written pamphlets 
or photos that introduce the various members of the trauma 
team are on display. In any event, a designated first person 
who acknowledges the adult accompanying the child soon 
after arrival can provide the needed reassurance by a s im-
ple d irect s tatement, “Your child, (use t he child’s name a s 
you learn it) is in the very best place. Our team is ready and 
equipped to help her. What is unique to you is all too famil-
iar to us.” ἀ ere is no need for more explanation as more is 
not necessarily better. ἀ is simple sentence provides much 
needed reassurance.

ἀ is designated first person may be a chaplain or a mem-
ber of the family support services team and can also ask the 
family a bout p ast m edical h istory a nd p rovide i mportant 
information t o t he t rauma t eam r esuscitating t he c hild. 
ἀ is individual acts as a l iaison between trauma team and 
family.

The grieving parent’s defense mechanisms

ἀ e t hree defense mechanisms employed by g rieving par-
ents a re denial, projection, a nd detachment. Medical pro-
viders most often see these defense mechanisms as barriers 
between parents and providers.

Denial: “I’m sure Anthony will be fine. He is a real 
fighter.”—parent

“Mrs. Terry is in such denial. I need to get her to accept 
that her child is not responding.”—nurse

Projection: “Doctor, why didn’t you tell me he was not 
going to live?”—angry parent

“I only want that nice nurse to be with my child; I like the 
way she looks at him.”—parent

Detachment (not typical in acute grief reactions):
“I can’t get to the PICU more than every few days to 

see my toddler; I have too much else going on in my 
life.”—parent

When t he d eath o ccurs, s ome i mportant s teps n eed 
to be taken to h elp f amily m embers overcome these 
defense m echanisms. F irst, f amily m embers n eed t o s ee 
the d eceased c hild [ 37] a nd h ave t ime t o s ay g oodbye 
with s ome l evel o f p rivacy. S econd, j ust a s t he m embers 
of the medical team explained the steps in treatment and 
details of the interventions a long the way, upon the news 
of the death, family members need to revisit the sequence 
of e vents l eading t o t he d eath. ἀ is w ill b oth h elp t hem 
understand why the child died under these circumstances 
and how vigorously the medical team worked to try to save 
the child’s life. ἀ is is also a time for members of the medi-
cal t eam to a nswer questions about t he child’s condition 
and treatment. Both pieces of information help the family 
make sense of the loss, which helps with long-term coping. 
Finally, members of the team can recommend that family 
members visit the site of an accident or natural disaster to 
better c omprehend t he s everity o f t he i ncident, en hance 
feelings of closeness to the deceased and what they might 
have experienced, and come to terms with their loved one’s 
death [36]. When a c hild has died as a r esult of a s uicide, 
or t here i s s uspicion o f c hild m altreatment, o r w hen t he 
child has d ied v ia homicide by a n onfamily member, t he 
criminal justice system becomes involved. ἀ us, the final 
family g oodbye w ith t he d eceased c hild m ay n eed t o b e 
supervised.

Next steps: Surgery or “the impossible 
outcome”

One of the most difficult aspects of caring for a family dur-
ing trauma is the lack of time to create a t rusting relation-
ship. F ollowing s tabilization, s ome c hildren w ill b e s ent 
immediately to surgery. ἀ e multidisciplinary trauma team 
has done its job and has transferred the patient to the next 
set of capable hands. An expectant family still needs infor-
mation and support as they identify a new set of providers 
in whom they entrust their child’s care. If a child dies in the 
emergency department, t he family has l ittle or no t ime to 
understand w hat h as h appened, o r h ow i t i s p ossible t hat 
their child could have been fine 1 minute and dead in a mat-
ter of minutes or hours.

If a child dies in the emergency department, the rela-
tionship t hat w as i nitiated b etween t he t eam a nd t he 
family w ill s erve t he b ereaved f amily f or y ears t o c ome. 
Anecdotal responses f rom b ereaved p arents s uggest best 
outcomes when the pediatric t rauma team demonstrated 
empathy a nd p rovided t hem w ith t imely a nswers a nd 
understanding o f t heir c hild’s u nique m edical s ituation. 
A nurse who used their child’s name or rubbed a  mother’s 
tense n eck, a s urgeon w hose e yes filled u p w ith t ears a s 
he d escribed e fforts m ade t o s ave t he y oungster’s l ife, a  
 chaplain’s  sensitive t one o f v oice o r p resence t hrough-
out a n i mpossible w ait, a ll r eassure p arents a nd f am-
ily  members t hat t heir c hild w as c ared for i n a p ersonal 
way [7].
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Long-term bereavement

When a child dies, particularly as a result of trauma, par-
ents may suἀer f rom major depressive disorder, posttrau-
matic stress disorder (PTSD), or prolonged grief disorder 
(PGD) [36,38]. I n addition to making s ense of how t heir 
precious child was healthy and alive one moment and dead 
the next, they need to revise two assumptions about their 
world:

 ● That their child will outlive them
 ● That they could protect their child

These b asic a ssumptions a bout t heir w orld h ave b een 
shattered, and normal mourning must work through these 
shattered assumptions. It is highly recommended that pro-
fessional counseling be considered within the first 3 months 
following a c hild’s death. No death i s more i solating t han 
parental loss of a child, as extended family and friends often 
feel inadequate to comfort and provide solace.

As is often t he c ase with childhood trauma, under-
standing t he p recipitating e vents a nd p rocessing a nd 
resolving t he g uilt t hat p arents o r c aregivers e xperience 
is a n a dditional s tressor t hat d eserves a p rofessional’s 
assistance. Professionally facilitated grief support groups, 
specifically for parents who have lost children, are often 
useful.

Within the first year of bereavement, grieving parents 
often find t hemselves r eady t o u nderstand t he m edical 
details surrounding their child’s death. A c ompassionate 
surgeon w ho t reated t heir c hild, a nd i s w illing t o i nter-
pret the autopsy report with the parents, can help parents 
accomplish t he p owerful a nd s ignificant t ask o f u nder-
standing t heir child’s death. This i s a n ecessary require-
ment of their grief resolution. In fact, studies have shown 
that the majority of parents would like to meet with the 
physician w ho w as c aring f or t heir c hild a t t he t ime o f 
death t o d iscuss t he e vents l eading u p t o a nd f ollowing 
the death, as well as provide feedback on their experience 
[39]. This and other follow-up behaviors noted in the pre-
vious section Grieving Parent’s Defense Mechanisms have 
been f ound t o l essen t he b low o f t he d eath a nd p revent 
prolonged grieving.

Coping skills: Personal, professional

Patient families

Parents

The bereavement response by parents to the death of their 
child v aries g reatly a nd i s i nfluenced b y t heir s ense o f 
culpability, w hether t hey h ave s urviving c hildren, t heir 
own coping skills, and perceived support from extended 
family a nd f riends [2]. P arents who report a s trong r eli-
gious belief often draw upon that strength during difficult 

times in the bereavement process. Grieving parents must 
be made aware of the fact that coping with a death is a 
very personal process that can be influenced by many fac-
tors s uch a s p ersonality, g ender, c ulture, r esilience, a nd 
one’s own trauma history [40]. Thus, each parent is likely 
to g rieve d iἀerently. This u nderstanding m ay h elp m iti-
gate problems down the road when, for example, a mother 
becomes upset that her husband copes by working harder 
and holding in h is emotions so that she can feel that h e 
is s trong a nd reliable. I f p arents a re encouraged to c om-
municate f requently about how they are dealing with the 
child’s death even in the presence of a marriage and family 
therapist, this may keep them from breaking apart, which 
often occurs after a child dies [41].

Surviving siblings

Surviving siblings often experience the loss of their brother 
or sister as a dual loss, as they also have lost their parents as 
they know them. Family life will never be the same. The task 
of creating a “new normal” is painful at best and is realized 
by each family member at his or her own pace.

Following t he d eath o f a s ibling, c hildren o ften s uἀer 
from anxiety, irritibility, and loneliness. Without additional 
support o r c ounseling, l ong-term a nxiety m ay b e u p t o 
four times higher in siblings. This may be compounded by 
feelings of m arginalization during t he a cute i llness o f t he 
deceased sibling. Surviving siblings may benefit from open 
and h onest c ommunication t hat i s a ppropriate f or t heir 
developmental a ge, a s well a s f amily c ounseling following 
the d eath [42]. A ll o f t he follow-up a ctivities n oted a bove 
should include siblings to acknowledge their loss as well as 
help them cope with an overwhelming and emotional event 
in their young lives.

Children’s understanding of death

For adults, death creates a sense of disequilibrium or a dis-
ruption in their usual “steady state.” For children, however, 
death represents a “ developmental interference that results 
in a suspension of their ongoing growth.” The goal of a clini-
cal intervention with children is to get them “unstuck” and 
to help them get through, over, under, or around a t empo-
rary barrier to their normal and healthy forward movement 
[3,23,40,43]. The c linician s hould v iew t he c hild’s a bility 
to cope with a significant loss or death in relation to three 
factors:

 ● The child’s ability to make sense of the death 
developmentally

 ● The child’s history of loss and death
 ● The child’s normal ability to cope with change

Although P iaget d id n ot s pecifically a ddress a c hild’s 
ability to understand death, much of t he current t hinking 
about h ow c hildren p erceive d eath c omes f rom h is t heo-
ries a bout c ognitive d evelopment. This f ramework i s v ery 
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helpful in assessing a child’s reaction to the death of a loved 
one and the clinician’s role in providing anticipatory guid-
ance to the adults in the child’s l ife (Table 23.1). As useful 
as this framework is, children regress under stress and the 
boundaries a re m eant a s d evelopmental m arkers o nly. A 
child’s h istory w ith l oss o r d eath, p ersonal t emperament, 
and prior a bility t o c ope w ith c hange a ll i nform u s o f a n 
individual child’s reaction to death.

Medical providers: Nurses and physicians

ἀ e pediatric trauma team confronts the stressful possibil-
ity of a death every time a patient arrives for medical treat-
ment. When the outcome is death, everyone involved in the 
child’s care understandably grieves. Even the most seasoned 
physician may frame the death in terms of his own perceived 
failure. Every nurse understands the profound grief that the 
family n ow f aces. R outine d ebriefing o f t he t reating t eam 
is seldom the norm in hospital emergency departments or 
even in neonatal and pediatric intensive care units. Medical 
providers are often understandably reluctant to become 
vulnerable and participate in the unfolding of the psycho-
social aspects of treating the pediatric patient, particularly 
in t he real-time context of t reating other t rauma patients. 

ἀ ey a re p urposely “ defended” a nd t hat d efense n eeds t o 
be respected.

Several major medical centers across the United States  
have begun to develop comprehensive programs to assist their 
health c are w orkers p rocess t heir g rief. A t J ohns H opkins 
Children’s C enter, a p art o f t his c omprehensive p rogram 
includes r outine b ereavement d ebriefing s essions. ἀ ese 
sessions a re offered a fter a ll patient deaths w ith i nvitations 
extended to all health care providers caring for the deceased 
patient. ἀ e s essions a re f acilitated by a b ereavement c oor-
dinator and focus on the details of the incident, disruptions 
the traumatic event can cause both physically and emotion-
ally, as well as the emotional response of the health care pro-
fessionals. Time is spent focusing on the relationship to the 
deceased patient and his or her family members as well, not 
just on the death event. ἀ ese sessions are typically scheduled 
approximately 1 w eek l ater, t o a llow t he i ndividuals s ome 
time to process t heir t houghts a nd feelings first. ἀ ese ses-
sions are almost universally found to be helpful, informative, 
and meaningful by the participants [44].

Secondary trauma and PTSD

It is not uncommon for health care workers such as physi-
cians, nurses, aides, social workers, and Emergency Medical 

Table 23.1 Developmental stages in children’s understanding of death

Developmental 
stage Perception of death Reaction to death Anticipatory guidance

Infant (0–2 years) No cognitive 
understanding of death, 
perceived as separation 
or abandonment

Distress, frustration, regression Identify a surrogate caregiver, learn 
caregiver’s routine, provide 
nurturing and dependable 
environment

Preschooler 
(3–5 years)

View death as temporary 
or reversible, or 
possibly as punishment

Associated with magical thinking 
that wishes can come true

Respond to questions with concrete, 
simple explanations. Avoid 
euphemisms such as “lost, 
sleeping, gone to heaven, with the 
angels”

Latency age 
(6–8 years)

Understand death to be 
final, irreversible but 
not universal

Children this age do not think 
that they themselves will die; 
find death difficult to 
understand

Reassure that life will still be safe. 
Have a need to discuss details of 
the death. Need direct, simple 
answers regarding what will be the 
same and what will be different 
due to this death (i.e., 
predictability)

Preadolescent 
(9–12 years)

Views death as final, 
irreversible and 
universal (adult 
understanding)

Intellectualize death, often 
unemotional, may be sarcastic 
or seemingly insensitive

Be authentic. Verbalize that in spite 
of your grief, you are still able to 
care for your children

Adolescent 
(13–18 years)

Have an adult 
understanding of death, 
but behave as if they 
are immortal

Interested in exploring society’s 
attitudes about life and death. 
Often reject traditional adult 
rituals surrounding death and 
create their own using abstract 
and philosophical reasoning

Need adults to help sort out often 
colliding feelings of sadness, 
anger, disbelief, and isolation
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Technician ( EMT) p rofessionals t o s uffer from s econdary 
traumatic stress (STS) after being exposed to a single patient 
who is injured or who dies from any number of traumatic 
events such as suicide, homicide, child maltreatment, acci-
dent, war, or natural disaster [45]. ἀ is may also be repeti-
tive, which is particularly true when a health care provider 
works in an em ergency department o r pediatric i ntensive 
care unit and faces numerous instances of death and trau-
matic injury due to violence or other causes. An individual 
with STS has been exposed to an extreme traumatic event 
or stressor o r multiple traumatic e vents to w hich he or 
she responds w ith fear, helplessness, or horror [43,46–48]. 
Given time, most people will recover from the psychological 
effects o f a t raumatic e vent or s econdary t raumatic e xpo-
sure. However, research has shown that repeated exposure 
to t raumatic events takes an emotional toll on health pro-
viders and can lead to burnout and PTSD [45,49,50]. PTSD 
represents a f ailure t o r ecover f rom t rauma e xposure a nd 
is characterized by intrusive thoughts including distressing 
memories or n ightmares related to t he e vent, numbing or 
attempts to avoid reminders of the event, and symptoms of 
hyperarousal. STS can be prevented or addressed t hrough 

individual and group engagement in self-care activities (e.g., 
engaging i n exercise, t aking mental health days, receiving 
massages, celebrating birthdays and work successes within 
departments), a ttentive s upervision, p rovision o f s ocial 
support by supervisors a nd colleagues, a nd active engage-
ment of staff in hospital policy development. Treatment for 
PTSD involves educating the person about the nature of the 
disorder, providing a s afe and supportive environment for 
discussion, and relieving the distress associated with mem-
ories a nd r eminders o f t he e vent t hrough s uch e vidence-
based interventions as trauma-focused cognitive behavioral 
therapy ( TF-CBT) o r e ye m ovement a nd d esensitization 
and reprocessing (EMDR). ἀ e judicious use of medications 
can also benefit traumatized patients and professionals with 
high levels of STS by alleviating the symptoms of stress and 
PTSD a nd i mproving a bility t o f unction. B oth s econdary 
trauma and PTSD can be diagnosed and treated by primary 
care ph ysicians, p sychiatrists, a nd c linical p sychologists. 
Debriefing programs for health c are w orkers have some-
times been found to be useful in helping individuals cope 
with t raumatic e vents s ufficiently en ough t o a lleviate t he 
symptoms or signs of secondary trauma and prevent PTSD.

SUMMARY

It is important to remember that families do not “get over” their loss. Rather, they change their lives to accommodate the 
loss.

It is estimated that 19% of the adult population has experienced the death of a child, including adult children. In stud-
ies of how the relationship of the family member to the deceased affects the level of grief, it is well known that parents 
surviving their child’s death have significantly higher intensities of grief than other studied groups.

Very few parents seek help from therapists or formal support groups. ἀ is underscores the importance of medical care 
providers and the health care system as a w hole taking the initiative to offer support services to surviving parents and 
family members [51,52].

ἀ ree terms aid in understanding: denial, wish, and hope. Denial is the unconscious repression of intolerable facts. 
To wish is imagining a future despite the available facts. Hope is imagining a future in light of the available facts. ἀ e 
principal goal of the health care team is to provide the framework for families to begin again to hope. ἀ is involves help-
ing them reach a point where they can understand what has happened to their loved one, recognize the long-term conse-
quences, and work toward a realistic future under these conditions.

Many institutions, particularly children’s hospitals and trauma centers, have family support teams. ἀ e purpose of 
these i ndividuals i s to support families i n crisis or newly bereaved a nd to provide comfort measures. ἀ e goal of t he 
intervention is to positively impact the grieving process by supporting parents and other family members as they make 
the drastic transition into life without their deceased loved one.

Another adjunct t hat can be provided is a r esource center t hat l ists resources to address grief caused by t he loss 
of  a  loved o ne, a s w ell a s o ther a ssociated f orms o f l oss s uch a s b ankruptcy, c hronic i llness, d ivorce, a nd l oss o f 
employment.

Allowing p arents a nd o ther s urviving f amily m embers t o d iscuss t heir f eelings a bout t he d eceased a nd r elay 
 memories o f t heir loved one s eems to h ave c ountless b enefits. B y a llowing p arents to s ecure t he memory of t heir 
child in the people around them, it permits validation of the child’s life. Otherwise, parents may feel that they have 
lost t he child’s presence and t he memory of t he child. Sadly, f riends a nd family members t hat a re potentially one 
of the  greatest sources of support may avoid even mentioning the child for fear that it’s too painful to the parents. 
ἀ e  family’s support network needs to know that recalling the past is one of the forms of therapy that parents need 
most.
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Pediatric trauma: Scope of the problem

As t he l eading c ause o f d eath a nd d isability i n c hildren, 
pediatric t rauma accounts for some 10 million hospitaliza-
tions, 80,000 permanent disabilities, and 12,000 childhood 
deaths e very y ear i n t he United S tates. D espite a d ecrease 
in t he overall rate of injury to children in recent years, led 
by marked decreases in the numbers of children injured in 
motor vehicle c ollisions, t he i ncidence of p ediatric t rauma 
in the United States remains among the highest in the world, 
reflecting both the dangers of our highly mechanized soci-
ety and the reality of urban violence, including that related 
to firearms [1]. In fact, the rate of fatal injury resulting from 
violence m ay a ctually b e i ncreasing [ 2,3]. W hile c hildren 
more often survive significant polytrauma than adults, long-
term m orbidity i s a ll t oo c ommon. F our c hildren a re l eft 
with permanent disability for every trauma-related mortal-
ity [1]. This statistic highlights the need to assess long-term 
functional status and quality of life in this population.

Injuries i n c hildren leave a l asting physical, emotional, 
and financial impact. They account for over one-third of all 
emergency d epartment ( ED) v isits, a nd p ediatric t rauma 
results in estimated annual costs of over $200 billion [4,5]. 
Additionally, it is estimated that there are 10 million injury-
related primary c are v isits e ach year i n t he United S tates, 
accounting for a s ignificant p ortion of health c are e xpen-
ditures, e specially f or c hildren a ged 5–14 [ 6]. W hile i t i s 
impossible to accurately quantify the indirect costs to fami-
lies and to society in general, it is c lear t hat t hey are stag-
gering. Given this, pediatric trauma represents the greatest 
public h ealth c hallenge t o c hildren i n t he U nited S tates. 
Efforts m ust b e f ocused t o b etter u nderstand t he w ays i n 

which w e c an b oth d ecrease t he o ccurrence o f p ediatric 
injury and optimize the outcomes of those injured.

The challenge of assessing pediatric 
outcomes

While we have i ndeed made g reat s trides i n our ability to 
care f or i njured c hildren, w e h ave m ade m uch l ess p rog-
ress i n our ability to a ssess t he broadly defined long-term 
outcomes of these injuries. Of the articles reviewed for this 
chapter, none t ruly met Class I criteria w ith regard to the 
degree of methodological rigor supporting the conclusions; 
retrospective reviews (Class III) predominated.

Admittedly, c linical r esearch i n t he s etting o f p ediatric 
trauma, i ncluding t he a ssessment o f p ediatric h ealth s tatus 
and quality of l ife, has numerous intrinsic d ifficulties. First, 
any functional assessment in children must be performed in 
a d evelopmental c ontext. Key a spects o f quality of l ife s uch 
as physical, emotional, and social function rapidly evolve as 
the child ages. Measures of health status for this population 
must allow for comparison to age-adjusted normative values. 
Second, many significant pediatric injuries are relatively rare. 
All b ut t he b usiest o f p ediatric t rauma c enters s ee o nly a n 
occasional significant spine or pelvic f racture. Finally, g iven 
issues o f g rowth a nd healing, long p eriods o f follow-up a re 
needed to document the “final” outcomes of affected children.

Despite these difficulties, rigorous patient-oriented clini-
cal research focusing on issues germane to the injured child 
is a prerequisite for the timely evolution of clinical practice 
in this area. Fortunately, new clinical research methodolo-
gies present exciting opportunities to explore issues related 
to these outcomes.
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Volume: Outcome relationships

In 2014, the American College of Surgeons (ACS) Committee 
on Trauma stated that pediatric patients “may have special 
needs t hat a re o ptimally p rovided i n t he en vironment o f 
a c hildren’s h ospital w ith d emonstrated e xpertise i n, a nd 
commitment to, pediatric care and t rauma care” [7]. Over 
the l ast s everal d ecades, n umerous s tudies h ave d ocu-
mented a r elationship b etween h igher patient volumes for 
specific conditions and better outcomes for various cohorts 
of adult and pediatric patients. Sollano et al. demonstrated 
a significant inverse relationship between the volume of sur-
gical repair of congenital heart defects at a given hospital 
and in-hospital mortality [8,9]. Potoka et a l. demonstrated 
a significant inverse relationship between the risk-adjusted 
mortality a nd t he v olume o f p ediatric i ntensive c are u nit 
admissions [10].

In m any a reas o f t he U nited S tates, t rauma c are h as 
been r egionalized, w ith s pecialized c enters d esignated f or 
pediatric trauma. The ACS recommends minimum patient 
volumes for p ediatric t rauma c enters. Currently, p ediatric 
Level I centers must annually admit at least 200 injured 
children and Level II centers must admit at least 100 under 
15 years o f a ge [7]. D espite t he i ncrease i n t he number of 
pediatric trauma centers, Petrosyan et al. reported in 2009  
only 10% of injured children were treated at pediatric 
trauma c enters a nd 4 7% o f c hildren w ere s een a t c enters 
without a ny t rauma c redentialing [6]. Utilizing t he K IDs’ 
inpatient database (KID) of 2000, Densmore et al. compared 
mortality, l ength o f s tay, a nd h ospital c harges o f i njured 
children treated at children’s hospitals, adult hospitals, and 
pediatric wards of adult hospitals. They found that, after 
adjusting for variance in injury severity scores (ISS), these 
outcome variables were significantly higher in adult hospi-
tals compared to children’s hospitals, and especially in pedi-
atric units within adult hospitals [11]. Using data from the 
Pennsylvania t rauma r egistry, K onvolinka e t a l. [12] c on-
cluded t hat m ortality m ight i ncrease w hen s urgeons t reat 
fewer than 35 seriously injured patients per year [13].

Several r ecent s tudies h ave e xamined t he r elationship 
between dedicated pediatric regional t rauma centers a nd 
patient outcomes. In a comparison of survival rates of 
pediatric trauma, Cooper et al. found that children treated 
within a s pecialized p ediatric t rauma s ystem h ad h igher 
severity-adjusted survival rates [14]. Doolin et al. found a 
strong relationship between in-house specialized person-
nel and outcome [15]. Specifically, the presence of an in-
house pediatric surgeon was associated with a lower rate of 
mortality among severely injured children. Pollack noted 
lower s everity-adjusted m ortality f or c hildren t reated a t 
tertiary c are f acilities [16]. N akayama e t a l. s howed t hat 
mortality was higher in rural nonpediatric centers (6.2%) 
in comparison with pediatric centers (4.1%) [17]. Patoka has 
shown t hat c hildren t reated at  re gional p ediatric t rauma 
centers h ave b etter f unctional o utcomes a t d ischarge i n 
comparison with children treated at adult centers and non-
specialized c enters for t rauma [10]. More  recently, Wang 

et a l. c ompared t he o utcomes o f s everely i njured p ediat-
ric patients in the state of California, and found improved 
outcomes a mong injured children t reated at t rauma cen-
ters c ompared t o n ontrauma c enters, b ut w as u nable t o 
demonstrate t hat s ubspecialty p ediatric t rauma c enters 
conferred mortality benefit over adult trauma centers [18]. 
Interestingly, Miyata compared outcomes for injured chil-
dren treated at Level I and Level II pediatric trauma cen-
ters, and after controlling for age, injury, and severity with 
matched c ase-control methodology, found no d ifferences 
in mortality between Level I and Level II pediatric trauma 
centers, even when patients required laparotomies, thora-
cotomies, or cardiopulmonary resuscitation (CPR) in t he 
initial 2 4 h ours [19]. D espite s everal s tudies s upporting 
the r elationship b etween s pecialization, p atient v olumes, 
and outcomes in pediatric trauma, it is not clear that chil-
dren u nanimously h ave i mproved o utcomes a t p ediatric 
trauma centers. It i s unclear i f t his d isparity i s related to 
the overall low mortality rate in pediatric trauma, the rela-
tive s carcity of L evel I p ediatric t rauma c enters, t he l ack 
of reported trauma-related data from nondesignated cen-
ters, or the degree of specialization of providers at various 
trauma centers [19,20]

While i t m ay b e i ntuitive t hat w e d o b est w hat w e d o 
most often, forces within our health care system sometimes 
discourage specialization. However, as will be obvious from 
the following review, we h ave much room t o i mprove t he 
outcomes of children who sustain significant trauma.

Functional status and quality-of-life 
assessment in a pediatric population

While children are more likely to survive traumatic injury, 
many en dure s ignificant l ong-term p roblems i n p hysical 
function and overall health. Aitken et al. recently reviewed 
the e xperience o f t he N ational Pediatric Trauma R egistry 
(NPTR) and found that, even when excluding head injuries, 
14.5% children captured in this 6-year study of NPTR had 
persistent disabilities [1]. The ability to quantify deficits in 
functional status and health-related quality of life (HRQOL) 
is germane to the assessment of injured children.

Fortunately, m easures t o a ssess f unctional s tatus a nd 
HRQOL in children have recently become widely available. 
These instruments are designed to assess the physical, psy-
chological, and social dimensions of health, as outlined by 
the World Health Organization (WHO) [21]. There are sev-
eral tools available for use, but two of the most commonly 
used i nclude t he C hild H ealth Q uestionnaire (CHQ) a nd 
the Pediatric Quality of Life Inventory (PedsQL).

The CHQ is perhaps t he best-validated measure for t he 
assessment of general health s tatus in children [22] a nd is 
similar to the Short Form-36 (SF-36), which has been widely 
used i n t he a dult l iterature. The C HQ c onsists o f a s hort 
questionnaire, which can be scored and generates multiple 
domains that span the spectrum of physical, psychosocial, 
and social health in injured children [23]. Age-adjusted nor-
mative values a re available a nd play a n i mportant role for 
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the comparison of health status in children after trauma, for 
which premorbid scores are not available.

The PedsQL 4 .0 i s t he f ourth a nd m ost r ecent v ersion, 
and was designed to measure the WHO core health dimen-
sions. The 23 items on this scale are designed to assess phys-
ical, emotional, social, a nd school f unctioning i n children 
ages 2–18 years [24]. The PedsQL 4.0 is brief, easily under-
stood, developmentally appropriate over a w ide age range, 
and validated and, in addition, disease-specific modules 
can be included to afford both general and disease-specific 
quality-of-life measures [25].

The Pediatric Orthopedic Society of North America has 
also d eveloped a h ealth s tatus q uestionnaire, w hich a lso 
exhibits good validity and reliability across a range of pedi-
atric musculoskeletal conditions [13].

A l arge p rospective e pidemiological s tudy o f o utcome 
after a dult t rauma u tilized a s imilar a dult q uality-of-life 
measure, the Quality of Well-Being scale, and documented 
profound p erturbations in quality of life at 12–18 months 
after major injury. The authors concluded t hat t he magni-
tude of dysfunction has likely been underestimated by more 
traditional m easures o f p atient o utcome a nd t hat q uality 
of l ife m easures h ave a n i mportant r ole i n t he l ong-term 
assessment of patients who have sustained traumatic injury 
[26]. Research continues to incorporate these HRQOL mea-
surement t ools a s a m eans t o provide m eaningful d ata t o 
guide evidence-based decision making in the area of pedi-
atric trauma and pediatric health.

Pediatric polytrauma: Outcomes

There h as b een a m arked i mprovement i n m ortality r ates 
of i njured c hildren over t ime. The mortality r ate a ttribut-
able to unintentional deaths in children has fallen by 50% 
between 1970 a nd 1990 [27]. B etween 2 000 a nd 2 009, t he 
unintentional d eath r ate f or c hildren l ess t han 1 9 y ears 
of age declined a nother 29%, a nd i n 2013 was reported to 
be 9 .3 p er 1 00,000 c hildren [ 28]. This i s a r esult o f b oth 
 successful prevention strategies including recommended 
 physician–parent i njury p revention c ounseling, i ncreased 
use o f s eat b elts a nd c hild s afety s eats, i mprovements i n 
vehicular d esign, r educed d runk d riving, a nd i mproved 
trauma care [29,30].

Much less has been documented concerning t he l ong-
term outcomes of injured children. In a review of the literature 
in this area published in 1997, Van der Sluis et al. identified 
only s even s tudies t hat f ocused o n t he “ long-term” ( the 
maximum follow-up i n t his g roup was 2–4 years) outcome 
of injured children and concluded that there was a “dearth 
of o utcome s tudies o n s everely i njured c hildren” [ 31]. The 
authors went on to collect information regarding  functional 
status (as measured by the Functional Independence Measure 
[FIM]) a nd quality of l ife (as measured by t he SF-36) at a n 
average of 9 y ears a fter i njury on a c ohort of children who 
sustained significant polytrauma. Despite t he fact t hat 42% 
of t hese p atients h ad s ome d egree o f r esultant c ognitive 
impairments, SF-36 scores were generally satisfactory. On the 

other hand, Wesson e t a l. found t hat p ediatric t rauma had 
profound e ffects o n t he p hysical a nd p sychological h ealth 
of children and their families at 12-month follow-up [32]. 
Among c hildren w ho e xperienced m ajor t rauma, 7 1% h ad 
persistent p hysical l imitations, 4 1% h ad b ehavioral d istur-
bances, and many children exhibited a decrease in academic 
performance. Another study by the same author showed that 
88% of children surviving severe injuries had functional limi-
tations at d ischarge w ith 54% still having l imitations at t he 
6-month follow-up [33]. Valadka et a l. published the results 
of a retrospective study, which assessed health status of chil-
dren via a telephone interview at a m inimum of 1 year after 
significant t rauma [34]. Ha lf o f c hildren w ho were a m ini-
mum o f 6 y ears a fter i njury w ere f ound t o h ave l ong-term 
sequelae. Furthermore, in a prospective study by Winthrop 
et a l., children who experienced moderate to severe trauma 
were a ssessed f or q uality o f l ife a nd r ecovery o f f unc-
tion at hospital d ischarge, 1, 6 , a nd 12 months a fter i njury. 
Children d emonstrated r apid r ecovery b etween d ischarge 
and 6 m onths p ostinjury, however, a t 6 m onths p ostinjury, 
physical f unction remained lower t han age-matched norms 
[35]. Thus, t he available l iterature suggests t hat a l arge per-
centage of children who sustain significant trauma have per-
sistent functional limitations and disability, despite modern 
improvements in patient care.

Outcomes of traumatic brain injury

Traumatic b rain i njury ( TBI) h as, b oth b y i ncidence a nd 
severity, the greatest influence on long-term outcome of any 
childhood injury. TBI is the l eading c ause o f i njury m or-
tality over 1 y ear of age and long-term injury d isability in 
children. In addition, many more of t he children who a re 
admitted to a hospital annually following a brain injury go 
on to have significant, l ife-long sequelae f rom t heir injury 
[36]. These children t ypically return to t heir communities 
and schools, where primary care physicians, educators, and 
families o ften p oorly u nderstand t heir p roblems. M any 
children make significant cognitive improvements, only to 
be plagued by ongoing behavioral, social, and psychologi-
cal problems. Current work in this area revolves around the 
recognition of these long-term deficits and the development 
of t echniques t o m aximize c ognitive f unction a nd s ocial 
reintegration.

Expected f unctional outcome f ollowing TBI varies 
with the initial severity of t he b rain i njury. The Glasgow 
Coma Scale (GCS) is most often utilized to determine t he 
degree o f a cute n eurological dy sfunction f ollowing t rau-
matic brain. The GCS may be used to divide children with 
brain injuries into three groups: mild (GCS 13–15), moder-
ate (GCS 9 –12), a nd severe (GCS ≤8). U ltimate f unctional 
outcome has been demonstrated to correlate with the GCS 
on presentation in a s tudy of over 500 adults and children 
in Finland [37]. In a study of 81 consecutive children with 
brain injuries, O’Flaherty found that fine motor skills, self-
care, a nd a cademic p erformance c orrelated d irectly w ith 
the severity of initial injury, even at 2 years postinjury [38]. 
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In a case-control series of 76 children with mild, moderate, 
or severe brain injuries, Yorkston found a significant cor-
relation between the severity of brain injury and a range of 
cognitive measures [39]. Jaffe and coworkers found a r ela-
tionship between t he severity of brain i njury a nd residual 
impairment at 1 year after injury in a case-control series of 
94 brain-injured children [40].

Mild b rain i njury i s a ssociated w ith f ew c hanges i n 
 neurological f unction, w hich m ay n ot p ersist. P olissar, i n 
a c ase-control s tudy of 53 c hildren w ith a m ild T BI, u sed 
a broad battery of neuropsychological tools to disclose a 
mild association between brain injury and neurobehavioral 
 variables i nitially a nd 1 y ear a fter i njury [ 41]. I n a c ase- 
control study of children with a m ild TBI, a s evere TBI, or 
an orthopedic injury, Max found that children with a mild 
TBI h ad a bnormal t eacher-rated a daptive f unction s cores 
[42]. However, children with a mild brain injury have been 
found to b e s imilar to c ontrols i n reading c omprehension 
and s pelling a t 1 2 m onths a fter i njury, a nd i n m emory 
skills and academic performance at 24 months after injury 
[38,43,44]. O ther s tudies h ave f ound t hat a m ild T BI h ad 
no effect upon behavioral problems, neurobehavioral func-
tioning, or memory [43,45,46].

Severe TBI has the most profound effect upon functional 
outcome. In a s eries of 105 children who were survivors of 
severe TBI, only 44% were found to have a good functional 
outcome 5 y ears a fter i njury [ 47]. S ignificant p ersistent 
deficits h ave b een n oted i n m emory, s ustained a ttention, 
behavioral problems, and educational performance [43,48–
50]. C ertain f actors m ay h elp p redict w hich c hildren w ill 
have a w orse outcome. The threshold for neurophysiologic 
dysfunction is lower in children than adults, and a c ritical 
GCS score is considered to be ≤5 [51]. Children with severe 
TBI who have an initial GCS of 3–5 and a delay in return to 
GCS 15 of more than 1 month, have more profound, persis-
tent deficits [52].

Among c hildren w ith a s evere T BI, a pproximately 3 % 
persist i n a v egetative s tate [47]. K riel s tudied a g roup o f 
26 c hildren w ho r emained u nconscious f or m ore t han 9 0 
days after TBI and found that 20 regained some conscious-
ness, 1 1 o f w hom w ere e ventually a ble t o c ommunicate. 
They found t hat i mproved outcome could be predicted by 
the degree of atrophy on brain computerized tomography 
(CT) performed 2 months after injury [53]. Ricci found that 
the ratio of N-acetyl aspartate and choline noted on brain 
magnetic resonance spectroscopy w as able to d ifferentiate 
between e ight patients w ho remained i n a v egetative s tate 
and six patients who ultimately regained some conscious-
ness [54]. Fulkerson e t a l. found t hat t he abnormal pupil-
lary responses most s trongly c orrelated w ith s urvival a nd 
outcomes at 1 year [55].

The outcome of TBI varies w ith age, a nd children have 
been shown to have improved overall outcomes compared 
to adults [56]; however, significant TBI in the youngest chil-
dren has been found to produce long-lasting deficits, which 
persist and adversely affect the child’s development [57]. In 
a group of 97 children referred for rehabilitation following a 

severe brain injury, Kreil found worse cognitive and motor 
deficits, a s w ell a s m ore b rain a trophy, a mong c hildren 
under 6 y ears of a ge, compared to children 6 y ears of a ge 
or older [58]. Some hypothesize that these poorer outcomes 
may be related to t he d isruption i n t he acquisition of a nd 
the future development of skills that were not yet acquired 
at the time of injury [59].

Long-term outcomes of TBI

There is conflicting evidence in the literature about the pros-
pect o f f unctional i mprovement a fter s evere b rain i njury. 
Carter, in a longitudinal study of over 100 children with 
severe b rain i njuries, f ound t hat 1 2–61 s urvivors h ad a n 
improved functional outcome at 5 years after injury as com-
pared to 1 y ear postinjury [47]. However, other series have 
failed t o d emonstrate a n i mprovement i n t he f unctional 
outcome f ollowing t he fi rst m onth a fter i njury. E wing-
Cobbs e t a l. found n o i mprovement i n e ducational s cores 
between 6 and 24 months in a series of children followed 
prospectively [60]. J affe found s ignificant i mprovement i n 
cognitive function during the first year after TBI, but only 
negligible change over the next 2 years [61]. Kriel, Ricci, and 
Berger reported significant improvements in outcome after 
the first few months following TBI in children with devas-
tating injuries [53,54,62]. In 2006, Chapman described the 
term “ neurocognitive s tall” t o d escribe a p aradox i n t he 
brain recovery of children with TBI. There appears to be a 
slowing or halting of cognition, social, and motor develop-
ment in children that occurs both at the time of injury and 
then a s ubsequent “stall” which may occur years after TBI 
[63]. A lthough children may return c lose to t heir baseline 
after a TBI, subsequent learning may be affected due to defi-
cits in memory, attention, processing speed, and executive 
function [59].

Various l ong-term c ognitive p roblems h ave b een 
reported in children following severe brain injury. Roman 
examined verbal learning and memory in a group of chil-
dren following mild, moderate, or severe brain injury. The 
children with mild to moderate injuries scored similarly to 
control patients, while deficits were found in children with 
a severe brain injury [64]. Catroppa et al. also found a dif-
ference in sustained attention, reading comprehension, and 
arithmetic b etween c hildren w ho h ad sustained a m ild to 
moderate or a severe brain injury [65]. Attempts to address 
the attention difficulties through medication have met with 
mixed results. While Mahalick found that methylphenidate 
administration improved attention skills in 14 children fol-
lowing TBI, other authors, such as Williams, have found no 
effect [66,67].

The ability to actively participate in educational activities 
is one of the key duties of childhood. Children with a T BI 
have a variety of school-related difficulties. They suffer from 
cognitive d eficits a nd b ehavioral a nd p sychological p rob-
lems that may adversely affect their ability to participate in 
social situations. Kinsella found a h igh rate of special edu-
cational n eeds a mong c hildren f ollowing s evere T BI [45]. 
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Ewing-Cobbs found, in a prospective longitudinal analysis 
of 33 brain-injured adolescents, lower reading recognition, 
spelling, and arithmetic scores 6 months after brain injury. 
At 2 years after injury, despite the return of test scores to an 
average level, nearly 80% of the children had either failed a 
grade or required ongoing special education assistance [50]. 
Nybo found that the majority of toddlers who had suffered a 
severe TBI had cognitive and social problems that persisted 
into adulthood [68].

A portion of these persistent problems may be secondary 
to behavioral and personality disturbances. Max found an 
increased i ncidence of psychiatric problems i n t he s econd 
year after brain injury [69]. Emanuelson found that, despite 
a normal IQ a nd a mbulation, none of 2 3 c hildren t reated 
in a r egional rehabilitation center for a s evere brain injury 
had been able to adjust to a n ormal l ife because of behav-
ioral a nd p ersonality d isturbances [70]. I n f act, C atellani 
et al. found that a group of adults who had suffered a severe 
TBI i n c hildhood w ere p oorly a djusted s ocially a nd s till 
had p roblems r elated t o b ehavioral a nd p sychiatric d isor-
ders. These problems did not improve with age, despite an 
improved a bility t o c onduct a ctivities o f d aily l iving [71]. 
Investigators have also noted a d ifference in TBI outcomes 
that may be ascribed to other factors, such as t he levels of 
parental stress and coping skills. In a g roup of 18 children 
with severe TBI, Rivara found a high level of strain in their 
families 3 years after injury that correlated with the child’s 
outcome [ 72]. M ax f ound t hat f amily dy sfunction w as 
associated w ith deficits i n child adaptive f unctioning [73]. 
Kinsella found that parental coping skills had a s ignificant 
impact on a child’s behavioral sequelae after severe TBI [74].

Given t he s ignificance o f l ong-term n eurodevelopmen-
tal outcomes to the developing brain of a child, it is vitally 
important that rehabilitation specialists are involved in the 
care o f c hildren w ith T BI for long-term follow-up t o help 
them reach their optimal functional status.

Outcomes of trauma to the extremity in 
children

Musculoskeletal i njuries c ontinue t o c onstitute t he p re-
dominant c ategory o f p ediatric t rauma. A r ecent r etro-
spective review of 601 patients treated at a L evel I regional 
pediatric trauma center found that half of all consultations 
to the emergency room were by the orthopedic service [75]. 
Moreover, treatment of musculoskeletal trauma is the most 
likely c ause f or a dmission a nd f or s urgical i ntervention 
among children sustaining pediatric trauma.

Improved methods of bone and soft tissue management 
have markedly improved the outcome of severe injury to the 
extremity. Femoral fractures, which are common among 
children w ith p olytrauma, d emand p rompt t reatment i n 
order t o r educe e arly c omplications a nd i mprove l ong-
term o utcomes. I ntramedullary a nd e xternal fi xation a re 
increasingly used even in young children in order to achieve 
prompt early stabilization and improve management of the 
injured child. Multiple s tudies have documented excellent 

long-term outcomes with regard to acceptable bony healing 
and return to function [1,76].

Open f ractures o f t he e xtremity c ontinue t o p ose a 
significant challenge, though improvements in early man-
agement and techniques of limb salvage including bone 
transport a nd m yocutaneous f ree fl ap t ransfer h ave l ed 
to higher r ates o f l imb s alvage. A s i n a dults, t he G ustillo 
classification predicts complications a nd r isk of limb loss, 
though rates of infection, including limb-threatening osteo-
myelitis are lower than those found in adults [77,78].

Borne et al. reviewed pediatric amputee patients utiliz-
ing the National Trauma Data Bank (NTDB) between 2007 
and 2011. They found that trends in pediatric amputations 
have not significantly varied in the last decade. The most 
common m echanisms o f i njury i ncluded a mputations t o 
extremities caught between two objects (i.e., sliding doors), 
powered lawn mowers, motor vehicle collisions, gun-
shot wounds, and off-road transport, with a t rend toward 
lower-energy amputations in younger children and high-
energy mechanisms in adolescents [79]. Lawn mower inju-
ries c ontinue t o a ccount f or m any a voidable, s ignificant 
injuries t o c hildren d espite a n i ncrease i n p ublic a ware-
ness, with amputation resulting in about one-half of cases 
[80]. M ehlman r ecently r eviewed c ases o f t raumatic h ip 
dislocation a nd n oted a s trong a ssociation w ith d elay i n 
reduction of >6 hours a nd a n i ncreased r isk of avascular 
necrosis to the femoral head [81]. Although limb replanta-
tion continues to present a significant technical challenge, 
the rate of successful upper extremity replantation seems 
to be higher in children >9 years of age [82].

Outcomes of pediatric pelvic fractures

Pelvic f ractures r epresent < 0.2% o f a ll f ractures i n c hil-
dren, y et c ontribute t o n early 5 % o f a ll L evel I p ediatric 
trauma admissions [83]. Although significant pediatric pel-
vic trauma is much less common than other injuries, these 
injuries can have an immense effect on the health of affected 
children. Mortality is less common than in adults with one 
recent s tudy reporting a 5 % overall mortality r ate for 722 
pediatric pelvic fractures reported in the NPTR compared 
to a 17% mortality rate among similar injuries in an adult 
population [84]. A r ecent analysis by Marmor et a l. utiliz-
ing the NTDB compared children with pelvic fractures (<13 
years) to adolescents (13–17 years) and adults (18–54 years) 
and found a d ecreased mortality in adolescents (6.8%) but 
an i ncreased m ortality i n c hildren ( 10.2%) c ompared t o 
adults (8.5%) [83]. A ssociated i njuries, i ncluding a bdomi-
nal, genitourinary, a nd head t rauma, a re commonplace i n 
both adults and children [85,86].

Pelvic fractures in children differ significantly from those 
found in adults. The pediatric pelvis is plastic and deform-
able, a nd w ill a bsorb s ignificant en ergy p rior t o f ailure. 
Thus, pelvic fracture in a child is indicative of a high-energy 
injury. Furthermore, injuries to the pediatric growth plate 
may result in progressive deformity, although the effect of 
growth disturbance on long-term outcome has not been 
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adequately c haracterized. O n t he o ther h and, r emodeling 
may o ccur d uring g rowth, l eading m any o rthopedic s ur-
geons to opt for nonoperative treatment of injuries which 
would require o pen reduction and internal fixation i n an 
adult population [87,88].

An improved understanding of the issues related to the 
early management of these injuries has resulted in a marked 
improvement i n s hort-term o utcomes i ncluding m ortality 
and e arly c omplications. C hildren a re m uch l ess l ikely t o 
have l ife-threatening e xsanguinations a s a r esult o f p elvic 
fracture, a nd t here h as b een a n i ncreased a wareness t hat 
hemodynamic instability in this setting demands an aggres-
sive search for other sources of bleeding [2]. Another study 
found that children who present with a pelvic fracture and 
additional bony fractures are much more likely to have head 
and abdominal injuries and have twice the risk of death as 
those presenting without concomitant skeletal injuries [89]. 
The pelvic fracture classification of Torode and Zieg (avul-
sion, i liac w ing, s imple r ing, or r ing d isruption) h as b een 
shown to be an accurate predictor of blood loss, associated 
injuries, and expected outcomes [2,85,86,90,91]. Long-term 
morbidity is often more related to associated injuries, most 
notably head injury, rather than the bony injury [85,86].

Much less is understood about more broadly defined, 
important l ong-term o utcomes i ncluding f unctional s ta-
tus and quality of l ife in children with pelvic f ractures. In 
a review of 17 children under 12 years of age who sustained 
unstable p elvic r ing f ractures, S chwarz e t a l. f ound t hat 
bony asymmetry and malposition resulted in low back pain 
and f unctional i mpairment [92]. O n t he o ther h and, i n a 
retrospective review of 54 children at a m ean follow-up of 
11 years, R ieger e t a l. found t hat long-term d isability w as 
rare and related to severe pelvic ring disruptions, acetabu-
lar fractures, or concomitant injuries [93]. Noting that little 
is k nown a bout f unctional o utcome i n p elvic f ractures i n 
children, Upperman et al. reviewed the FIM, which is part 
of many pediatric trauma registries, for a group of children 
who sustained pelvic fracture [94]. He found that a majority 
of children have significant l imitations i n locomotion a nd 
transfers at discharge.

The relative lack of data describing long-term outcomes 
in this area has led to significant controversy regarding the 
appropriate t reatment of t hese u ncommon but p otentially 
devastating injuries. Some orthopedic surgeons have opted 
for a n onoperative approach, even to unstable injuries, cit-
ing the potential for remodeling inherent in the immature 
skeleton [87,88]. On t he other hand, others have opted for 
surgical intervention [77,92,95,96]. Pelvic fractures can 
result i n s ignificant d isability, p ain, r eduction i n q uality 
of life, sexual difficulties, and problems at work in adults. 
There is good evidence in the adult literature that the qual-
ity of anatomical reduction correlates with functional out-
comes in this area [95,96]. No study to date has specifically 
examined the effect of nonanatomical reduction or bony 
malunion on arthritis, though this is a concern.

Further research is necessary to elucidate the intermedi-
ate and long-term outcomes of children with specific pelvic 

injuries a nd t o h elp g uide t he a ppropriate i ndications f or 
surgical intervention in this area.

Outcomes of spinal cord injuries

Spinal cord i njuries ( SCIs) i n c hildhood a re uncommon, 
but d evastating. O ut o f 1 1,000 p ersons w ho s uffer a SCI 
each year in the United States, approximately 1000 are aged 
15 years or l ess [8]. Nearly one-half o f t hese c hildren suf-
fer a c omplete S CI w ith l ittle p rospect f or i mprovement. 
About 60% of children with an SCI suffer from tetraplegia, 
a higher percentage than in adults. Children surviving the 
first month after an SCI have an average life span of 60 years 
when paraplegic, and 52 years when tetraplegic (Table 24.1). 
The majority of children with SPIs complete high school, 
attend college, and are ultimately employed [97,98].

Functional o utcome a fter S CI i s d ependent u pon 
whether the injury is complete or incomplete and the level 
of injury. Outcome may also be affected by the development, 
or avoidance, of a variety of postinjury medical and psycho-
logical complications [99]. The International Standards for 
Neurological a nd Functional Classification of Spinal Cord 
Injury or American Spinal Injury Association (ASIA) scale 
is the most widely used method of codifying residual func-
tion below the level of SCI (Table 24.2) [100]. ASIA A inju-
ries a re s ensory a nd m otor c omplete. A SIA B i njuries a re 
sensory i ncomplete a nd m otor c omplete. A SIA C i njuries 
are motor incomplete with the majority of affected muscles 
having less than three-fifths strength. ASIA D p atients are 
motor i ntact w ith t he majority of a ffected muscles having 
greater than three-fifths strength. ASIA E patients have nor-
mal sensory and motor function.

Although m otor f unction m ay i mprove o ver t ime 
after i njury, t he A SIA i mpairment s cale measured 1 w eek 

Table 24.1 Life expectancy of children with spinal cord 
injury (SCI) surviving at least 1 year postinjury

Current 
age

No 
SCI Paraplegia Tetraplegia

Ventilator 
dependent

5 71.6 59.5 52.6 39.4
10 66.6 54.6 47.6 34.9
15 61.7 49.8 43 30.4

Source: Vogel L, DeVivo M., Top Spinal Cord Inj Rehabil., 1–8, 1997.

Table 24.2  American Spinal Injury Association 
classification and ambulation

ASIA 
level Sensory Motor

Ambulation
(%)

A Complete Complete <1
B Incomplete Complete 50
C 61.7 Incomplete, 

weak
75

D Incomplete, 
antigravity

95

E Normal Normal 100
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after i njury m ay predict t he prospects f or a mbulation. O f 
patients w ith a c omplete, o r A SIA A i njury, 8 0%–90% o f 
injuries will remain complete and, of those who do become 
incomplete, o nly 4 % w ill a mbulate. P atients w ith i ncom-
plete injuries have a m uch better prognosis for subsequent 
ambulation. ASIA B p atients at 1 w eek have a 5 0% chance 
of regaining adequate motor strength to walk. This may be 
positively p redicted b y t he p resence, o r a bsence, o f s acral 
sensory s paring. Those without sacral pin sensation have 
a m uch p oorer p rognosis f or a mbulation. A SIA C a nd D 
patients have a 75% and 95% chance of walking, respectively 
[101]. ASIA E patients have no discernable deficit and should 
return to t heir f ull preinjury level of f unction. S ignificant 
recovery of motor function may occur in many patients over 
the fi rst 3 m onths a fter i njury. Further motor recovery, at 
a s lower pace, may be noted over t he next 6 m onths, w ith 
smaller improvements in functional recovery documented 
up to 2 years after injury [102]. The recovery of motor func-
tion occurs more rapidly with incomplete SPIs and is more 
likely to occur in younger patients [103].

Despite this recovery, a motor examination performed 
1 m onth f ollowing i njury m ay b e p rognostic o f u ltimate 
recovery [104]. The presence of even one-fifth strength in a 
muscle group 1 month after injury is associated with a 97% 
chance of recovery of antigravity strength in t hat muscle 
group b y 1 y ear a fter i njury. I n c ontrast, m uscle g roups 
with no s trength on testing at 1 month h ave only a 10% 
chance o f a chieving a ntigravity s trength b y 1 y ear a fter 
injury [102].

A n umber o f l ate e ffects o f S CI, a s w ell a s a n umber 
of m edical c omplications, m ay a dversely a ffect u ltimate 
functional o utcome. S adly, 6 4% o f a dults r eport o ngoing 
significant musculoskeletal or neuropathic p ain 6 m onths 
after t heir S CI [105], w hich i s l ikely a lso t he c ase i n c hil-
dren. Scoliosis is common following SCI in c hildren, a nd 
its s everity i s i ncreased by younger a ge at onset, complete 
lesions versus incomplete, and paraplegia versus tetraplegia 
[106]. Kyphosis also commonly occurs, and has been associ-
ated with an increased risk of syringomyelia when angu-
lation i s greater t han 1 5° [107]. W hether associated w ith 
kyphosis o r n ot, p osttraumatic s yringomyelia m ay o ccur 
in 25% of paraplegic patients, and may lead to progressive 
neurological d eterioration [107,108]. P rogressive no ncystic 
tethering of the spinal cord has also been reported, and may 
lead to similar neurological deterioration [108]. It is hoped 
that t his l ate d eterioration m ay b e p revented w ith m ore 
aggressive spine stabilization.

Children with an SCI have been shown to return quickly 
to s chool f ollowing a r ehabilitation p rogram: m ean o f 1 0 
days f ollowing d ischarge f or p araplegic c hildren a nd 6 2 
days for tetraplegic children, according to one study [109]. 
Educational p erformance a mong c hildren w ith a n S CI i s 
excellent. In Dudgeon’s study, most patients graduated from 
high school and pursued higher education. Many schools 
modified their curricula to accommodate the needs of the 
children, most of whom had teacher aides [97]. Interestingly, 
age of injury may correlate with how well patients adjust to 

life with an SCI. The prevalence of depression in adults with 
adult-onset SPIs r anges f rom 18% t o 37%, w hile in a dults 
with p ediatric-onset S PIs t he i ncidence i s r eported t o b e 
much lower at 8% [110]. January et al. (2015) also found that 
patients with pediatric-onset SPIs reported greater psycho-
logical growth related to their traumatic injury, and coping 
mechanisms play an important role in this development.

The prognosis may seem bleak for children with a h igh 
cervical S CI w ho l eave t he h ospital v entilator d ependent. 
However, Oo found that of 107 adult patients who were ven-
tilator dependent upon discharge, 21% subsequently recov-
ered adequate diaphragmatic function to a llow them to be 
weaned f rom t he v entilator [111]. M any o f t hese p atients 
required m ore t han a y ear t o r ecover s ufficient d iaphrag-
matic s trength n ot t o r equire v entilator s upport. S imilar 
data for children are not available.

Bowel problems are common following SCI. Goetz stud-
ied 88 children with SPIs and found that 68% reported that 
their bowel habits interfered with school and other activities 
and resulted in d issatisfaction [112]. Most patients require 
long-term u se of oral a nd/or rectal medications for b owel 
control. K rogh reported t hat up to 75% of p atients report 
at least a few episodes of fecal incontinence per month, and 
that n early o ne-third f elt t hat t heir b owel p roblems w ere 
more burdensome than t heir s exual o r u rologic dy sfunc-
tion [113].

Issues such as these contribute to dissatisfaction with 
quality of life after SCI. Using the standardized measures of 
quality of life, Kannisto found that patients with SCI scored 
significantly lower than the population sample. Not surpris-
ingly, p atients w ith S CI p laced g reater s ignificance u pon 
the measures for mental functioning, communicating, and 
social p articipation [114]. G orman e xamined t he p sycho-
logical health of 86 children who suffered a n SCI prior to 
16 years of age, and found that self-esteem, depression, and 
self-perception were lower than average, regardless of age or 
level of injury [115].

Given t he l ong-term a dverse c onsequences f ollowing 
SCI in children, this is another area where the involvement 
of r ehabilitation s pecialists i s o f v ital i mportance. D etails 
on h ow t hese s pecialists c an a id i n r ecovery a re a vailable 
in Chapter 22.
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Glossopharyngeal (GP) breathing, 

346–347
Glottis, 52
Glucose, 141
Glycopyrrolate, 174
Grade III splenic injury, 221

Greenstick fracture, 254
Grieving parents, 357, 358
Gustilo and Anderson classiἀcation, of 

open fractures, 258

H

Haddon Runyan cube, of injury 
prevention and control, 10

Haiti, 30
Hand fractures, 295
Hand trauma, pediatric

amputations, 330–331
anesthesia, 326–327
bites, 331
diagnostic tests, 325–326
extrinsic muscle extensors, 321–322
extrinsic muscle flexors, 322
fractures, 330
history, 321
literature, 321–322
nail bed injuries, 329–330
neurological evaluation, 323–324
tendon injuries, 328–329
tourniquet, 327–328
treatment of hand injuries, 326
vascular examination, 324–325

Hangman’s fracture, 268–269
Head imaging, 99–103
Health-related quality of life (HRQOL), 

364, 365
Health Resources and Services 

Administration (HRSA), 8
Hematoma blocks, 327
Hemolytic transfusion, 117
Hemorrhagic shock, 113–114, 123–124
Hemostat, 56
Hemothorax, 206
Heparin, 150–151
Hepatobiliary iminodiacetic acid (HIDA) 

scan, 224
Hepatorrhaphy, 226
HFNCs, see High-flow nasal cannulas
HFOV, see High-frequency oscillatory 

ventilation
High-flow nasal cannulas (HFNCs), 128
High-frequency oscillatory ventilation 

(HFOV), 131
Hip dislocations, 298–300
Hip fractures, 297–298
Hollow viscus injury, 229
HRSA, see Health Resources and 

Services Administration
Humeral fractures, 95, 280–281, 282
Hydrocortisone for adrenal 

insufficiency, 126
Hydrofluoric acid, 85

Hydroxocobalamin, 76
Hyperbaric oxygen, 76
Hyperkalemia, 117
Hypermetabolism, 83
Hyperthermia, 191
Hypertonic saline, 189
Hyperventilation, 190
Hypothermia, 117, 191
Hypovolemic shock, 110

I

ICP, see Intracranial pressure
IEI, see Injured extremity index
Iliac wing (Duverney) fractures, 274
Immature skin barrier of child, 31
Immune-enhancing nutrients, 140
Incomplete injury, 338
Inhalation injury, 76
Inhaled nitric oxide (iNO), 131
Inhaled toxic fumes, 54
Injection injuries, 330
Injured extremity index (IEI), 148
Injuries, comparisons with other 

countries, 5
Injury facts, 4
Injury severity scores (ISS), 364
Inotropic therapy, 125
INR, see International normalized ratio
Institute of Medicine (IOM), 8, 40
Integra, 82
Intensive care unit management, 12, 42

acute kidney injury, 133
acute respiratory distress 

syndrome, 127
adrenal insufficiency, 125–126
analgesia, sedation, and delerium, 

132–133
fluid balance, 133
monitoring, 121–123
nutrition, 133
oxygen delivery and extraction, 123
pulmonary critical care, 127–132
shock and cardiovascular support, 

123–125
International normalized ratio (INR),  

151
International standards for neurological 

classiἀcation of spinal cord 
injury (ISNCSCI) examination, 
338, 340, 341

Interventional radiology (IR), 224
Intracranial hypertension, 188, 189
Intracranial pressure (ICP), 176–177, 188
Intraosseous (IO) fluid infusion, 15, 59
Intraperitoneal bladder injury, 245–246
Intravenous access, 59
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Intravenous (IV) fluid, 14
IOM, see Institute of Medicine
IV fluid, see Intravenous fluid

J

Johns Hopkins Children’s Center, 359
Jugular approach, 59

K

Ketamine, 82, 174, 177
Kidney, 239
King laryngeal tube (KLT) airway, 53
Knee injuries, 304–308

L

Laparoscopy, 230–232
Laparotomy, 225–227
Laryngeal mask airway (LMA), 15, 53, 

172
Laryngoscope blade, 170
Larynx, 52
Laser Doppler imaging (LDI), 77
Lateral condyle fractures, 284, 285
Lawnmower injuries, 259–260
LDI, see Laser Doppler imaging
Lidocaine, 174
Life expectancy of children, with spinal 

cord injury (SCI), 368
Life-threatening injuries, 56
Limb loss, 161
Limbus fracture, 271
Lipid requirements, 141–142
Lip lacerations, 197
Lisfranc injuries, 312, 315
Liver and splenic trauma, 221
LMA, see Laryngeal mask airway
LMWH, see Low-molecular weight 

heparins
Long bone, 254–255
Long-bone fractures, 95
Long-term bereavement, 358
Long-term disability, 368
Long-term morbidity, 368
Long-term outcomes, traumatic brain 

injury, 366–367
Lower extremity fractures

ankle fractures, 310–312
distal femoral physeal fractures, 

301–304
femoral shaft fractures, 299–301
foot fractures, 312–315
hip dislocations, 298–300
hip fractures, 297–298
knee injuries, 304–308

proximal tibia fractures, 308–310
tibial shaft fractures, 310

Low-molecular weight heparins 
(LMWH), 151

Lund Browder chart, 79
Lung-protective ventilation, 129

M

Macintosh blade, 170
Magnetic resonance imaging (MRI), 

cervical spine, 68–70
Major vessel injury, 207–208
Mallet injuries, 295
Mandibular fractures, 196
Man-made disasters, 29
Mannitol, 177, 189
Mass casualties, see Disaster planning
Massive hemothorax, 56
Massive transfusion protocols (MTPs), 

14, 124, 176
MAST, see Medical antishock trousers
Mastisol, 197
Maternal and Child Health Bureau 

(MCHB), 8, 39
Maxillary fractures, 195
Mechanical ventilation

adjuncts to, 131–132
indications for, 129
modes of, 129–131

Medial clavicular fractures, 279
Medial epicondyle fractures, 284, 285
Median nerve, 323, 326
Medical antishock trousers (MAST), 

14, 15
Metabolic acidosis, 142
Metabolic alkalosis, 142
Metabolic reserves, 138–139
Metabolic response to trauma, 137–138
Metacarpal fractures, 295
Metaphyseal corner fracture, 257
Midazolam, 174
Mild brain injury, 366
Miller blade, 170
Mobile fracture fragment, 308
Mobile mediastinum, 56
Monocryl suture, 196
Monteggia fracture-dislocations, 289, 

291, 293
Mortality rate

pediatric pelvic fractures, 367
pediatric polytrauma, 365
pediatric trauma, 3–4

Motor vehicle collision (MVC), 9, 193
Motor vehicle injury, 67
MTPs, see Massive transfusion  

protocols

Musculoskeletal trauma, 367
compartment syndrome, 257–258
nonaccidental trauma, 256–257
open fractures, 258–259
pathophysiology of, 253–255
pediatric orthopaedic trauma, 

255–256
skeletal trauma, 253
traumatic amputations and 

lawnmower injuries, 259–260
MVC, see Motor vehicle collision
Myocardial contusions, 209

N

Nail bed injuries, 329
Nasal fractures, 194
Nasogastric tube placement, 231
Naso-orbito-ethmoid (NOE) fractures, 

194–195
Nasopharyngeal airway, 169
National Emergency X-Radiography 

Utilization Study (NEXUS), 17, 
42, 65, 100, 101

National Highway Traffic Safety 
Administration (NHTSA), 8, 9

National Pediatric Trauma Registry 
(NPTR), 12, 15, 39, 110, 364

National Trauma Data Bank (NTDB), 39, 
201, 219, 367

Natural disasters, 29
Neck

imaging of, 99–103
pain, 69

Needle decompression, 56
Nerve injuries, 329
Neurocognitive stall, 366
Neurogenic bladder, 347
Neurogenic bowel, 347
Neurogenic shock, 125
Neurological level of injury (NLI), 338, 

342
Neuromuscular blockade, 190
Neuroradiology, 93
Neutral cervical spine positioning, 16
NEXUS, see National Emergency 

X-Radiography Utilization 
Study

NHTSA, see National Highway Traffic 
Safety Administration

Nitroglycerin, 149
Nitrous oxide, 177
NLI, see Neurological level of injury
NOM, see Nonoperative management
Nonaccidental trauma, 256–257
Nondisplaced fractures, 289
Nonhemolytic reactions, 116–117
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Noninvasive positive pressure ventilation 
(NPPV), 127

chest trauma treatment, 128–129
common modes of, 128
pediatric acute respiratory distress 

syndrome, 129
Nonlife-threatening condition, 57
Nonoperative management (NOM)

abdominal stab and gunshot wounds, 
219–220

of blunt liver and spleen injuries, 
222–223, 225

of high-grade liver injuries, 226
splenic and liver injuries, 221

Nonpediatric trauma centers, 12
Nonsteroidal anti-inflammatory drugs 

(NSAIDs), 83, 271
NPPV, see Noninvasive positive pressure 

ventilation
NPTR, see National Pediatric Trauma 

Registry
NTDB, see National Trauma Data Bank
Nuclear medicine, 93
Nursemaid elbow, 286, 289
Nutrition, 83, 84, 133, 190

carbohydrate requirements, 141
electrolyte requirements, 142
energy requirements, 140
lipid requirements, 141–142
metabolic reserves, 138–139
metabolic response to trauma, 

137–138
protein requirements, 139–140

O

Occipital condyle fracture patterns, 267
Occult pneumothorax, 205
OER, see Oxygen extraction ratio
Office of emergency medical services for 

children (OEMS), 7
OI, see Oxygenation index
Oklahoma City bombing, 30
Olecranon fractures, 286, 287
Open fractures, 258–259
Operating room (OR), 42
Opioids, 173
OPSI, see Overwhelming 

postsplenectomy infection
Oral endotracheal intubation, 53
Oral hydration, 80
Orbital fractures, 195
Organ donation issues, 356
Organ procurement organization (OPO), 

356
Orthopaedic trauma, 255–256
Outcomes, 363

pediatric pelvic fractures, 367–368
pediatric polytrauma, 365
relationships, 364
spinal cord injuries, 368–369
traumatic brain injury, 365–366
of trauma to extremity in children, 

367
Outpatient rehabilitation setting, 347
Overwhelming postsplenectomy 

infection (OPSI), 225
Oxygenation index (OI), 132
Oxygen delivery (DO2), 110–111, 123
Oxygen extraction ratio (OER),  

110, 123
Oxygen saturation, 122

P

Pain management, 82–83
Pancreatic injuries, 228–229
Pancreatic laceration, 228
Papaverine, 150
PARDS, see Pediatric acute respiratory 

distress syndrome
Parenchymal contusion, 203
Parents, coping skills, 358
Parkland formula, 80
Paroxysmal sympathetic hyperactivity 

(PSH), 336, 337
Patellar dislocations, 308
Patterns of injury, 5
PECARN, see Pediatric Emergency Care 

Applied Research Network
PEDI, see Pediatric Evaluation of 

Disability Inventory
Pediatric acute respiratory distress 

syndrome (PARDS), 127–129
Pediatric Assessment Triangle, 20
Pediatric basic life support, 175
Pediatric disaster preparedness, 

importance of, 31
Pediatric Emergency Care Applied 

Research Network (PECARN), 
17, 104

Pediatric equipment, 21
Pediatric Evaluation of Disability 

Inventory (PEDI), 343
Pediatric Evaluation of Disability 

Inventory Computer Adaptive 
Test (PEDI CAT), 343

Pediatric Orthopedic Society of North 
America, 365

Pediatric physiology, 57–58
Pediatric Quality of Life Inventory 

(PedsQL), 364–365
Pediatric-speciἀc trauma centers, 39
Pediatric surgeon, role of, 33–34

Pediatric trauma care
efficacy of, 12
epidemiology of, 11

Pediatric trauma center (PTC), 14, 30, 
32–33

ἀrst-line requirements for, 41
history of, 39–40
impact of, 13
operating room, 42
pediatric floor/area, 42–43
planning for, 40–41
regional system, 45
services/personnel, 43
value of, 31–32

Pediatric trauma resuscitation, 20–22
Pediatric trauma score (PTS), 168
Pediatric truncal vascular injury

diagnosis of, 152–153
epidemiology of, 151–152
presentation of, 152
surveillance of, 156
treatment of, 153–155

PEDI CAT, see Pediatric Evaluation of 
Disability Inventory Computer 
Adaptive Test

PEEP, see Positive end expiratory 
pressure

Pelvic fractures
general considerations, 272–273
imaging, 273
outcomes of, 367–368
stable pelvic fracture patterns, 

273–274
unstable, 274–276

Pelvic injuries, 103–104
Pelvic ring fractures, 272
Penetrating abdominal trauma,  

219–220
Penetrating injuries, 157, 158
Penetrating renal injuries, 239
Penetrating trauma, 220
Penetrating vascular injuries, 220
Pentobarbital, 189
Peripheral intravenous (PIV) catheters, 

59
Peripheral pediatric vascular injury, 

160–162
Phalangeal neck fractures, 295
Physical environment in 

communication, 353
Pink pulseless hand, 162
PIV catheters, see Peripheral intravenous 

catheters
Plain radiographs, 66, 266, 273
Plasma transfusion, 113
Platelets transfusion, 112
Pneumomediastinum, 206
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Pneumonia, 76–77
Pneumothorax, 55, 177, 205
Polytrauma, pediatric, 365
Population kinetics approach, 32
Positive end expiratory pressure  

(PEEP), 128
Posterior urethra, 246–247
Posterior wall acetabular fracture, 276
Posttraumatic amnesia (PTA), 338
Posttraumatic stress disorder (PTSD), 

358–360
Prehospital care, epidemiology of, 8
Prehospital fluid therapy, 16
Prehospital pediatric trauma 

resuscitation, 14–17
Prehospital trauma care, elements of 

contemporary, 20–22
Prehospital ventilation, 55
Prehospital volume resuscitation,  

15–16
Pressure control (PC) ventilation, 130
Preventive Health and Health Services 

Block Grant Program of 
1982, 7

Primary care practitioners, 34
Prolonged grief disorder (PGD), 358
Prophylactic intubation, 54
Propofol, 173–174, 177
Propranolol, 83
Protein requirements, 139–140
Proximal forearm fractures, 289
Proximal humerus fractures, 

256, 280, 281
Proximal radial fractures, 286
Proximal shunts, 161
Proximal tibia fractures, 308–310
Pseudoaneurysm, 241, 242
PSH, see Paroxysmal sympathetic 

hyperactivity
PTA, see Posttraumatic amnesia
PTC, see Pediatric trauma center
PTS, see Pediatric trauma score
Pubic rami fractures, 274
Public health approach, to pediatric 

trauma, 8–11
Public health services, 11
Pulled elbow, see Nursemaid elbow
Pulmonary artery catheters, 122
Pulmonary contusion, 56, 203–204
Pulmonary critical care

extracorporeal membrane 
oxygenation, 132

mechanical ventilation, 129–132
noninvasive ventilation, 127–129

Pulse index continuous cardiac output 
(PiCCO) device, 122

Pyloric exclusion, 227, 228

Q

Quad coughing, 346, 347
Quality-of-life assessment, in pediatric 

population, 364–365
Quality of Well-Being scale, 365

R

Radial nerve, 324, 327
Rancho level of cognitive functioning 

scale (LCFS), 343–344
Rapid sequence induction and intubation 

(RSI), 53, 171–174
Recombinant factor VIIa (rVIIa), 115
Red blood cells (RBCs), 111–112, 124
Rehabilitation, 335

in acute care setting, 335–336
in acute inpatient rehabilitation 

setting, 340–343
experts, 43
in outpatient rehabilitation 

setting, 347
of traumatic brain injury, 336–338, 

343–344
of traumatic spinal cord injuries, 

338–340, 344–347
Renal failure, 142
Renal organ injury scale, 240, 241
Renal replacement therapy  

(RRT), 133
Renal trauma, 239

evaluation, 240
exploration and reconstruction, 242
grading system, 240–241
long-term renal function, 243
management, 241–242

Residual functional impairments, 43
Respiratory quotient (RQ), 141
Resuscitation, 78–81

endpoints of, 116
family presence in, 355
imaging in pediatric trauma, 105

Retinal hemorrhages, 93–94
Retrograde urethrogram (RUG),  

246, 247
Revascularization, 159–160
Reverse triage, system of, 32
Revised trauma score (RTS), 168
Rib fractures, 95–96, 103, 204–205
RIFLE criteria, 133
Risk factors, of injury, 4
Rocuronium, 173
Rotational thromboelastograms 

(ROTEM), 115
RQ, see Respiratory quotient
RRT, see Renal replacement therapy

RSI, see Rapid sequence induction and 
intubation

RUG, see Retrograde urethrogram

S

Salter-Harris Classiἀcation
of distal femur fractures, 301, 

304–307
I or II fractures, 280, 281, 295
for physeal fractures, 254

Scalp injuries, 197
Scaphoid fracture, 291, 295
Scapular body fractures, 280
Scapulothoracic dislocation, 280
Scarring, 84–85
SCI, see Spinal cord injury
SCIWORA, see Spinal cord injury 

without radiographic 
abnormality

Scoop and run philosophy, 14
Seat belt sign, 218–219
Secondary Survey, 168
Secondary traumatic stress (STS), 360
Sedation, 132, 190
Septic shock, 124
Sexual abuse, 231
Seymour fracture, 295
Shock, 58, 92, 123–125
SIDS, see Sudden infant death syndrome
SIMV, see Synchronized intermittent 

mandatory ventilation
Skeletal survey, 92, 257
Skeletal trauma, 253
Sniffing position, 169
Soft tissue facial injuries, 196–198
Soft tissue trauma, 92
Spasticity in children, medications to 

treat, 344, 345
Special airway situations, 54
Special health care needs, children 

with, 31
Specialized hospital care, for pediatric 

trauma, 11–14
Specialized prehospital care for pediatric 

trauma, 14–17
Speciἀc pelvic injuries, 273–276
Spinal cord injury (SCI), 335, 338, 340, 

342, 368–369
Spinal cord injury without radiographic 

abnormality (SCIWORA), 
64–65, 171, 272

Spinal immobilization, 16
Spinal shock, 338, 340
Spine fractures, 263
Splenectomy, 225–226
Splenic laceration, 220–221
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Split-thickness skin grafts (STSG), 82
Stable pelvic fracture patterns, 273–274
Stairway injuries, 96
Stay and play approach, 14
Straddle injuries, 231
STSG, see Split-thickness skin grafts
Subaxial cervical spine injuries, 269–270
Subclavian approach, 59
Subdural hematoma, 93
Subungual hematoma, 330
Succinylcholine, 173–174
Sudden infant death syndrome (SIDS), 93
Support services, 44–45
Supracondylar humerus fractures, 

282–284
Surgery, 357
Surviving siblings, coping skills, 358
Swan–Ganz catheter, 122
Synchronized intermittent mandatory 

ventilation (SIMV), 130
Systemic response, to blood loss, 58

T

TAC, see Trauma Association of Canada
Talar fractures, 312
Talus fractures, 312
TBI, see Traumatic brain injury
TBSA, see Total body surface area
Technetium-99 m-dimercaptusuccinic 

acid (DMSA) scans, 243
TEE, see Transesophageal 

echocardiogram
Tendon injuries, 328–329
Tension pneumothorax, 55–56
Testicular injuries, 248
Thermal injury, 76, 78
Thiopental, 189
Thoracic aortic injuries, 207
Thoracic trauma, 54, 103

anesthesia for, 177
cardiac injuries, 208–209
diagnostic imaging considerations, 

203
diaphragm injuries, 209–210
epidemiology, 201
esophageal injuries, 210
hemothorax, 206
initial evaluation, 201–203
major vessel injury, 207–208
pneumothorax, 205
pulmonary contusion, 203–204
rib fractures, 204–205
tracheobronchial injuries, 206–207

Thoracolumbar spine
anatomy of, 264
injuries, 271

Thoracolumbosacral orthosis (TLSO), 
271

Thorax, 52
Thromboelastography (TEG), 115
Thurston Holland fragment, 304, 306, 

312
Tibial shaft fractures, 310
Tibial tuberosity fractures, 308
Tiered trauma response system, 45
Tight glucose control, 140
Tillaux fractures, 312
TIVA, see Total intravenous anesthetic
Toddler’s fracture, 310
Toronto, 6
Torus fractures, 289
Total body surface area (TBSA), 75, 

77–78, 80
Total intravenous anesthetic (TIVA), 172
Tourniquets, 161, 327–328, 329
Trace mineral requirements, 142
Tracheal intubation, 170
Tracheobronchial injuries, 206–207
Tracheostomy, 76
Trampoline injury, 69
Tranexamic acid (TXA), 115
Transcervical femoral neck fracture, 300
Transesophageal echocardiogram (TEE), 

153
Transfusion-associated circulatory 

overload (TACO), 117
Transfusion-related acute lung injury 

(TRALI), 116–117
Transfusion therapy

component therapy, 111–113
deἀnitive management, 115–116
emergency management, 113–114
epidemiology, 109–110
hemostatic agents, 115
laboratory testing in trauma, 114–115
pathophysiology, 110–111
transfusion complications, 116–117

TRauma and Injury Severity Score 
(TRISS), 12

Trauma Association of Canada (TAC), 
100, 101, 102

Trauma center, role of, 5–6
Trauma-focused cognitive behavioral 

therapy (TF-CBT), 360
Trauma resuscitation team, 43
Trauma systems for children, 3–4, 11
Traumatic amputations, 259–260
Traumatic brain injury (TBI), 176–177, 

185, 335
in acute inpatient rehabilitation 

setting, 343–344
antiseizure prophylaxis, 191
corticosteroids, 190

decompressive craniectomy, 189–190
guidelines, pediatric severe, 186
intracranial hypertension, 189
intracranial pressure monitoring, 188
long-term outcomes of, 366–367
management of, 187
neuroimaging for, 187–188
outcomes, 365–366
pathophysiology of, 185–186
rehabilitation of, in acute care setting, 

336–338
Traumatic spinal cord injuries 

(TSCIs), 335
in acute inpatient rehabilitation 

setting, 344–347
rehabilitation of, in acute care setting, 

338–340
Traumatic ureteral injury, 243–245
Traumatic valvular injury, 209
Triage, 17–20
Triplane fractures, 312
Triple-tube technique, 227
TRISS analysis, see TRauma and Injury 

Severity Score
TSCIs, see Traumatic spinal cord injuries
Tube thoracostomy, 56
Type I limbus fracture, 272

U

Ulnar nerve, 323, 326
Unintentional Injuries in Childhood 

report, 4–5
Unstable pelvic fractures, 274–276
Upper cervical spine injuries, 267–269

spinal cord injury without 
radiographic abnormality, 272

subaxial cervical spine injuries, 
269–271

thoracolumbar spine injuries, 271
Upper extremity fractures

carpal fractures, 291, 295
clavicle, 279–280
forearm fractures, 288–289, 290–293
fractures and dislocations about 

elbow, 281–282
glenohumeral joint dislocation, 

280, 281
humeral shaft fractures, 280–281, 282
lateral condyle fractures, 284, 285
medial epicondyle fractures, 284–285
metacarpal fractures, 295
Monteggia fracture-dislocations, 289, 

291, 293
olecranon fractures, 286, 287
supracondylar humerus fractures, 

282–284
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Ureteral injuries, 243–245
Urethral injuries

anterior urethra, 247–248
posterior urethra, 246–247

U.S. Department of Health and Human 
Services, 91

V

Vancomycin, 225
Vascular access, 175
Vascular injuries, 329
Vascular spasm, 150
Vascular trauma, 220

anticoagulation, 150–151
diagnostic modalities, 148–149
endovascular technologies in 

children, 149–150
vascular anastomoses, 150

Vasospasm, 162
VCUG, see Voiding cystourethrogram

Ventilation, 122–123
advanced modes of, 130–131
conventional modes of, 129–130
mechanical (see mechanical 

ventilation)
Ventilator-induced lung injury 

(VILI), 129
Ventricular septal tears, 209
Video laryngoscopy, 53
Vitamin requirements, 142
V liver injury, 221, 224, 225
Voiding cystourethrogram (VCUG), 247
Volar forearm fasciotomy incision, 258
Volkmann’s ischemic contracture, 160, 162
Volume control (VC) ventilation, 

129–130

W

Warfarin, 151
Whole blood, 111

Wisconsin blade, 170
World Health Organization (WHO), 83, 

364–365
Wrist blocks, 326–327, 328

X

Xenograft, 82

Y

Yersinia enterocolitica, 117

Z

Zone of partial preservation (ZPP), 
338, 340

Zygoma fractures, 195
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