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Preface

The paralyzed or severely neurologically impaired patient is one of the great-
est challenges in long-term chronic care that we face as clinicians, whether
we are occupational therapists or orthopedists or physiatrists or surgeons.
Because of the complexity of their treatment and the severity of their injury,
these patients may be viewed as a hopeless cause for many physicians, espe-
cially surgeons. Optimization of their care — and potentially improvement in
quality and length of life — requires a complex and delicate interaction
between multiple surgical and medical specialties across disciplines and
time.

The current state of rehabilitative medicine works to maximize patient
function as well as manage the lifelong maintenance required to continue that
level of function. Although surgery has always been part of the treatment of
the paralyzed patient, it may be seen as an afterthought or the modality of last
resort for the rehabilitation community or even surgeons who have little expe-
rience taking care of these patients. Once surgery is considered, the proce-
dures needed to care for these patients and improve their lives often exist at
the margins of existing surgical specialties or at the junction of multiple dis-
ciplines, performed haphazardly without a unified understanding of a com-
prehensive treatment approach. These procedures and their context may be
difficult to understand, requiring familiarity with different interlocking yet
distinct specialties, making approaching this topic particularly daunting for
the student of any field.

We introduce the new field of rehabilitative surgery, a unique designation
combining state-of-the-art surgeries from multiple surgical specialties in
order to reimagine our approach to these patients. In this text, Rehabilitative
Surgery: A Comprehensive Text for an Emerging Field, we present a com-
pletely different framework for understanding, coordinating, and providing
treatment for the paralyzed or severely neurologically impaired patient.
Contrary to the traditional approach of rehabilitative medicine, surgery is in
fact a critical component of the care of the chronically impaired patient and
may create opportunities to change their everyday life in a profound way by
creating a new baseline of functional status.

We believe that much of the resistance to the surgical treatment of these
patients arises from a lack of understanding of how even some straightfor-
ward interventions, performed in a coordinated way, can dramatically
improve a patient’s life. Patients who can now move a joystick on a wheel-
chair or feed themselves again often have profound appreciation for this
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incremental increase in independence, a small but significant liberation from
the prison of paralysis.

This compendium represents the first interdisciplinary text for the emerg-
ing field of rehabilitative surgery, synthesizing various perspectives into a
cornerstone for the rehabilitation field. The text is designed for both surgical
and nonsurgical readers. An expert has written each evidence-based chapter
with concise and straightforward explanations for clinicians who have no pre-
vious experience in that specialty. Specific descriptions of surgical proce-
dures are included as well as surgical videos that can be accessed from the
companion website.

Every major aspect of the reconstructive surgical treatment of these
patients has been considered from a multidisciplinary vantage point, includ-
ing orthopedic surgery, plastic surgery, neurosurgery, general surgery, and
otolaryngology. We clearly describe and evaluate the most up-to-date and
evidence-based surgeries that are currently standard of care including treat-
ment of pressure sores, placement of feeding tubes, and upper extremity
interventions to improve function and hygiene. As international leaders in the
field of nerve reanimation surgery, we describe our cutting-edge protocols for
the surgical treatment of severe nerve injuries, spinal cord injury (SCI) and
stroke, or cerebrovascular accidents (CVA). We provide the first description
and evidence for phrenic nerve repair to assist weaning paralyzed patients
from their ventilators. This includes an exciting subset of patients with amyo-
trophic lateral sclerosis (ALS), who have shown benefit from phrenic nerve
reconstruction in conjunction with nerve stimulation. These patients need our
help. It falls on us — their clinicians and caretakers — to do everything we can
to maximize their function to help them live as well and as independently as
possible.

Shrewsbury, NJ Andrew I. Elkwood
Matthew Kaufman
Lisa F. Schneider
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Introduction to Rehabilitative

Surgery

Andrew |. Elkwood, Matthew Kaufman,

and Lisa F. Schneider

The paralyzed or severely neurologically impaired
patient is one of the greatest challenges in long-
term chronic care that we face as clinicians,
whether we are therapists or neurologists, physiat-
rists, or surgeons. Because of the complexity of
their treatment and the severity of their injury, these
patients may be viewed as a hopeless cause for
many physicians, especially surgeons. Optimization
of their care — and potentially improvement in qual-
ity and length of life — requires a complex and deli-
cate interaction between multiple surgical and
medical specialties across disciplines and time.
The current state of rehabilitative medicine
works to maximize patient function as well as
manage the lifelong maintenance required to
continue that level of function. Although surgery
has always been part of the treatment of the para-
lyzed patient, it may be seen as an afterthought
or the modality of last resort for the rehabilita-
tion community or even surgeons who have little
experience taking care of these patients. Once
surgery is considered, the procedures needed to
care for these patients and improve their lives
often exist at the margins of existing surgical
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The Plastic Surgery Center, Institute for Advanced
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NJ 07702, USA
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mkaufmanmd @theplasticsurgerycenternj.com;
Ischneidermd @theplasticsurgerycenternj.com
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specialties or at the junction of multiple disci-
plines, performed haphazardly without a unified
understanding of a comprehensive treatment
approach. These procedures and their context may
be difficult to understand, requiring familiarity
with different interlocking yet distinct specialties,
making approaching this topic particularly daunt-
ing for the student of any field.

We introduce the new field of rehabilitative sur-
gery, a unique designation combining state-of-the-
art surgeries from multiple surgical specialties in
order to reimagine our approach to these patients. In
this text, Rehabilitative Surgery: A Comprehensive
Text for an Emerging Field, we present a completely
different framework for understanding, coordi-
nating, and providing treatment for the paralyzed
or severely neurologically impaired patient.
Contrary to the traditional approach of rehabilita-
tive medicine, surgery is in fact a critical compo-
nent of the care of the chronically impaired
patient and may create opportunities to change
their everyday life in a profound way by creating
a new baseline of functional status.

We believe that much of the resistance to the
surgical treatment of these patients arises from a
lack of understanding of how even some straight-
forward interventions, performed in a coordi-
nated way, can dramatically improve a patient’s
life. Patients who can now move a joystick on a
wheelchair or feed themselves again often have
profound appreciation for this incremental
increase in independence, a small but significant
liberation from the prison of paralysis.

A.I Elkwood et al. (eds.), Rehabilitative Surgery, DOI 10.1007/978-3-319-41406-5_1
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This compendium represents the first interdis-
ciplinary text for the emerging field of rehabilita-
tive surgery, synthesizing various perspectives
into a cornerstone for the rehabilitation field. The
text is designed for both surgical and nonsurgical
readers. An expert has written each evidence-
based chapter with concise and straightforward
explanations for clinicians who have no previous
experience in that specialty. Specific descriptions
of surgical procedures are included as well as sur-
gical videos that can be accessed from the com-
panion website.

Every major aspect of the reconstructive surgi-
cal treatment of these patients has been considered
from a multidisciplinary vantage point, including
orthopedic surgery, plastic surgery, neurosurgery,
general surgery, and otolaryngology. We clearly
describe and evaluate the most up-to-date and evi-
dence-based surgeries that are currently standard

of care including treatment of pressure sores,
placement of feeding tubes, and upper extremity
interventions to improve function and hygiene. As
international leaders in the field of nerve reanima-
tion surgery, we describe our cutting-edge proto-
cols for the surgical treatment of severe nerve
injuries, spinal cord injury (SCI), and stroke or
cerebrovascular accidents (CVA). We provide a
description and evidence for phrenic nerve repair
to assist weaning paralyzed patients from their
ventilators. Furthermore, there is the exciting
potential for diaphragm muscle replacement using
innervated, vascularized muscle transfers to over-
come severe denervation atrophy as a result of pro-
longed ventilator dependency.

These patients need our help. It falls on us —
their clinicians and caretakers — to do everything
we can to maximize their function to help them
live as well and as independently as possible.



Introduction to Surgical Principles

Hamid Abdollahi and Deborah Yu

Surgical Metabolism and Nutrition
in the Surgical Patient

Once an injury is sustained, the body’s metabo-
lism shifts toward a state with higher metabolic
expenditure. Understanding the changes that
occur in amino acid, carbohydrate, and lipid
metabolism allows the physician and care team to
provide optimal nutritional support for the surgi-
cal patient [1]. In a healthy adult, approximately
22-25 kcal/kg per day are required to maintain
basic metabolic needs. This requirement can
increase to up to 40 kcal/kg in patients that have
undergone severe stress and injury [1] (Table 2.1).
This stress response is triggered by the release of
catecholamines and sympathetic activation.
Furthermore, during the fasting state, a signifi-
cant amount of protein is used to provide the sub-
strate for gluconeogenesis in the liver leading to
muscle wasting as the body enters a catabolic
state [2]. The magnitude of protein catabolism is
directly proportional to the severity of the injury
with even elective operations and minor injuries
leading to decreased protein synthesis and pro-
tein breakdown [3]. Nutritional deficits can lead
to impairment of the immune system, poor tissue
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dyumd @theplasticsurgerycenternj.com
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repair and healing, loss of muscle function, and
overall increase in complications.

The goal for nutritional support in a surgical
patient is to prevent and reverse the catabolic
state associated with injury. It is of crucial impor-
tance to evaluate each patient’s nutritional status
prior to and after any surgical intervention to
optimize the success of the treatment. While a
detailed physical exam is extremely useful to
determine nutritional status, certain lab values
are helpful in establishing objective values. These
studies include albumin, pre-albumin, and trans-
ferrin levels. Concentrations of serum albumin
less that 3.0 g/dl are an indicator of malnutrition.
Albumin has a half-life of 14-18 days, demon-
strating the patient’s recent nutritional status,
whereas pre-albumin (half-life 3-5 days) and
transferrin (half-life 7 days) may show more
rapid changes in nutritional status. These serum
markers can guide clinical decisions and serve as
a benchmark for nutritional optimization.
Furthermore, an individual’s energy require-
ments can be measured by indirect calorimetry
and trends in serum markers as well as estimated
from urinary nitrogen excretion [4]. In addition
to supplying sufficient calories and protein to
prevent the catabolic state and allow for protein
synthesis and tissue repair, some patients may

require  essential  vitamin and  mineral
supplementation.
In terms of nutritional supplementation,

enteral feeding is preferred over parenteral, not
only based on the cost and avoidance of vascular

AL Elkwood et al. (eds.), Rehabilitative Surgery, DOI 10.1007/978-3-319-41406-5_2
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Table 2.1 Caloric adjustments above basal energy expenditure in hypermetabolic conditions

Adjustment above baseline

Condition kcal/kg/day energy expenditure Grams of protein/kg/day
Normal 25 1 1

Mild stress 25-30 1.2 1.2

Moderate stress 30 1.4 1.5

Severe stress 30-35 1.6 2

Burns 3540 2 2.5

access-associated complications but also for the
benefits attained from feeding the intestine
directly [5]. There are numerous routes for enteral
feeding including temporary ones such as
Dobhoff tubes to more permanent methods that
involve surgical placement of feeding tubes
(Table 2.2). Using the gastrointestinal tract pre-
vents diminished secretory IgA production, bac-
terial overgrowth, and altered mucosal defenses
associated with parenteral nutrition.

Patients that benefit from nutrition supple-
mentation are those that have poor preoperative
nutritional statuses [6, 7]. Healthy patients with-
out malnutrition undergoing elective surgery can
tolerate partial starvation for up to 10 days before
any clinically significant protein catabolism
occurs. However, in the critically ill patient, early
enteral feeding has become the standard of care
and has been shown to reduce both morbidity and
mortality [8]. Furthermore, early intervention
with supplement nutrition is favored for patients
who show preoperative protein-calorie malnutri-
tion (Table 2.3).

Indications for parenteral nutrition are limited
to patients that have a contraindication in using
the gastrointestinal tract or have failed enteral
supplementation. It comes in two forms: total par-
enteral nutrition (TPN) and peripheral parenteral
nutrition (PPN). TPN requires central venous
access because it has a high osmolarity from high
dextrose content, whereas PPN can be adminis-
tered through the peripheral intravenous line
because of much lower dextrose and protein con-
centrations. Some nutrients cannot be concen-
trated into the small volumes required for PPN,
thereby making it inappropriate for patients with
severe malnutrition [1]. PPN can be considered if
central access is unavailable or it is used to aug-
ment oral nutrition. It should only be used for

Table 2.2 Common feeding routes

Access option Comments

Nasogastric Only for short-term use, increase risk

tube of aspiration, frequently dislodged

Dobhoff tube ~ May use slightly longer than NG tube,
although it is a temporary feeding
route. Decrease risk of aspiration due
to post-pyloric placement. More
challangening to place than NG tube.
Easily dislodged

Percutaneous ~ Placed via endoscope, can be used for

endoscopic longer periods of time. Aspiration

gastrostomy risks due to pre-pyloric placement.

(PEG) Can have complications related to
placement and site leaks

Surgical Requires surgery, procedure may

gastrostomy allow placement of extended
duodenal/jejunal feeding port which
allow for gastric decompression and
post-pyloric feeding

Fluoroscopic ~ Blind placement using needle and

gastrostomy T-prongs to anchor to the stomach, can
thread smaller catheter through
gastrostomy into duodenum/jejunum
under fluoroscopy

PEG-jejunal Jejunal placement with regular

tube endoscope is operator dependent,
jejunal tube often dislodges
retrograde, two-stage procedure with
PEG placement, followed by
fluoroscopic conversion with jejunal
feeding tube through PEG

Surgical Requires surgery, allows for post-

jejunostomy pyloric feeds, less risk of aspiration

short periods after which TPN should be consid-
ered. Complications related to parenteral nutrition
include sepsis from catheter site infection, cho-
lestasis and gallstone formation as well as intesti-
nal atrophy leading to impaired gut immunity,
bacterial overgrowth, and reduced IgA production
[1]. The best way to avoid these complications is
to feed enterally whenever possible.
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Table 2.3 Comparison of tube feed products

Caloric density

Product (kcal/ml) Protein (%kcal)
Crucial 1.5 25
Diabetisource AC 1.2 20
Glucerna 1.2 1.2 20
Impact 1 22
Jevity 1.2 12 18.5
Optimental 1 20.5
Pivot 1.5 1.5 25
Peptamen 1.5 1.5 18
Perative 1.3 20.5
Promote 1 25

Features

Promotes absorption and tolerance in critically ill
patients with GI dysfunction

For patients with diabetes or stress-induced
hyperglycemia

Nutrition for glycemic control

Supports immune defense in patients at risk for
infections

18 g of dietary fiber/L
For malabsorptive conditions

Very high-protein calorically dense for metabolic
stress

High-caloric GI formula

Peptide-based semi-elemental protein for easier
absorption

For patients with lower calorie needs but higher
protein needs

Table was adapted from the original and provide the full AMA citation, used by permission

Inflammation and Injury

In order to provide the optimal care and surgical
treatment, we must approach and understand the
patient on a variety of levels, whether it is related
to the molecular level of injury and its related sys-
temic response or to the metabolism involved in
healing. All aspects must be considered to achieve
the best outcome. Injury to the patient results in an
inflammatory process that is triggered on a local
level. Inflammation describes the process in which
fluid and circulating leukocytes accumulate in the
extravascular tissue [1]. It describes not only the
localized effects but also the triggered systemic
response. The inflammatory response is closely
associated with healing and repair and therefore
closely interrelated to every aspect of surgery.

Inflammation is fundamentally a protective
response that allows for removal of harmful
agents and cellular debris as well as repair dam-
age. However, excess inflammation can be patho-
logical and harmful. The initiation, maintenance,
and termination of inflammation are highly com-
plex and coordinated process mediated by a myr-
iad of cells as well as cytokines.

Cytokines mediate a broad range of cellular
activities and function locally at the site of injury

to promote wound healing and eradicate infec-
tion [8—12]. Cytokines can have both proinflam-
matory and anti-inflammatory actions, and their
balance is a well-coordinated system. Some of
the important cytokines involved in this process
include tumor necrosis factor (TNF), interleu-
kins, and interferon.

The release of cytokines from damaged cells
not only plays a role on a local level but also can
trigger a systemic response. This can induce a
response from the central nervous system via the
hypothalamic-pituitary-adrenal axis in the form
of released hormones [1]. The two principle hor-
mones that are involved are glucocorticoids and
catecholamines. During injury, there is an
increase in the production of cortisol, which
plays an important role in decreasing the inflam-
matory process and limiting the harmful aspect
of inflammation [13—15]. Catecholamine release
in the form of epinephrine and norepinephrine
activates increased cellular metabolism through-
out the body and mobilization of glucose via gly-
cogenolysis, gluconeogenesis, lipolysis, and
ketogenesis. The catecholamine release also
helps to reestablish and maintain homeostasis
[16]. Critically ill patients who suffer from severe
stress often have insulin resistance leading to
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hyperglycemia [17]. Hyperglycemia during these
periods often leads to increased morbidity and
mortality. Tight management of blood sugars has
been shown to decrease complications [18].

Wound Healing

All tissue heals in four divided phases, which can
overlap. These four phases are (1) hemostasis/
inflammation, (2) cellular migration, (3) prolifer-
ation, and (4) remodeling. The first step in the
process consists of the initial injury leading to a
disruption of tissue integrity. This triggers platelet
aggregation in order to form a clot and the release
of a variety of growth factors and cytokines from
the platelet granules. Furthermore, the fibrin clot
serves as the scaffold for the migration inflamma-
tory cells, including polymorphonuclear leuko-
cytes (neutrophils) and monocytes [19].
Neutrophils are the first cells to enter the wound
and peak at 2448 h. Their role is to remove bacte-
ria and tissue debris as well as to release further
inflammatory cytokines (Fig. 2.1). Following the

neutrophils, the second kind of inflammatory cell
to migrate to the wound is the macrophage. These
cells have the highest concentration in the wound
at 48-96 h and participate in wound debridement
as well as the release of further cytokines and
growth factors, which regulate cell proliferation,
matrix deposition, and angiogenesis [20, 21].

The proliferative phase occurs from day 4 to
12. It is during this time that tissue continuity is
reestablished. Fibroblasts are the main cell
involved during this phase. The fibroblasts pro-
duce collagen and participate in wound contrac-
tion. Endothelial cells are also present and
partake in angiogenesis. Collagen formation
plays an important role in the maturation of the
wound. Initially, there is a predominance of type
IIT collagen, which is eventually transformed into
type I during the remodeling phase [19].

Maturation and remodeling begin during the
fibroblastic phase, characterized by collagen
breakdown and reorganization. Several weeks
after the injury, the wound reaches a plateau of
collagen quantity, while the tensile strength of
the wound continues to increase for several

Phases of healing
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Fig.2.1 The cellular, biochemical, and
mechanical phases of wound healing (From
Wound Healing Schwartz’s principles of surgery, 0
10e, 2014)
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months [22]. Scars can take up to 1 year to fully
mature, but the strength of the scar never reaches
their pre-injury state, usually only approaching
80 % of its former state.

Epithelialization of the wound occurs within 1
day after injury. Cells at the edge of the wound pro-
liferate and migrate until the defect is bridged. This
process occurs through a loss of contact inhibition
of the cells [23-26]. Re-epithelialization is com-
plete within 48 h after incised wounds but may take
significantly longer time for larger wounds.

There are certain factors that affect wound
healing that one has to be cognizant of in order to
counteract them. Low-oxygen states that are
found in hypoxia stemming from peripheral vas-
cular disease, radiation-induced injury, or anemia
can have poor outcomes on wound healing.
Fibroplasia and collagen synthesis are both
decreased in hypoxic wounds. Patients that may
suffer from these conditions benefit by increasing
the oxygen tension in the tissue, whether it is
through revascularization procedures or treat-
ment with hyperbaric oxygen.

Steroids can also have a deleterious impact on
wounds. They reduce collagen synthesis and
wound strength via inhibition of the inflammatory
phase of wound healing [27]. Furthermore, they
hinder epithelialization and wound contraction.
Vitamin A has been shown to have positive effects
in mitigating the harm caused by steroids [28]. In
addition, metabolic disorders can cause an
increase in wound problems, with diabetes melli-
tus being the most common disorder encountered.
Hyperglycemic states can cause decrease in
inflammation, angiogenesis, and overall collagen
synthesis. Patients with diabetes often suffer from
vascular disorders leading to hypoxemia, con-
founding the problems [29]. Aggressive glycemic
control can improve outcomes.

Surgical Technique
Antiseptic Technique
There are several antiseptics used to clean the

skin preoperatively. A review of the current lit-
erature has demonstrated that preoperative skin

with 0.5% chlorhexidine in methylated spirits
was associated with lower rates of surgical-site
infections following clean surgery than alcohol-
based povidone-iodine paint [30]. In the Dumville
et al. review, no other comparisons of skin anti-
septic techniques showed statistically significant
differences in surgical-site infection rates [30].

Sutures

Types

There are several types of suture materials cur-
rently manufactured. The choice of suture
depends on several factors, including the amount
of tension on the wound, the number of layers of
closure, the depth of suture placement, the antici-
pated amount of edema, and the anticipated tim-
ing of suture removal [31]. The size of the suture
material represents the diameter of the suture
material [31]. The higher number prior to the 0,
the smaller the suture. For example, 5-0 suture is
smaller than 2-0 suture. If the suture does not
have a “0” in the size, then the size correlates
with the increasing number, i.e., size 2 suture is
larger than size 1, which is larger than 0 or 2-0.
The smaller the diameter of the suture, the less
the tensile strength [31].

The next characteristic that must be chosen
is the use of braided or multifilament suture
versus single-stranded/monofilament suture.
Monofilament suture encounters less resistance
in the tissue and also is less likely to harbor
infection-causing organisms [31]. Crushing or
clamping of this suture can break or weaken the
suture [31]. One must take care in tying knots
with this suture as the knots can slip.
Multifilament sutures are composed of several
strands braided together, affording greater ten-
sile strength and flexibility [31]. Published data
have shown that absorbable braided suture has
statistically significant bacterial adherence ver-
sus all other sutures [32].

Finally, the surgeon must choose between
absorbable and nonabsorbable suture materials.
Absorbability is classified according to the suture
degradation properties [31]. Sutures that lose their
tensile strength within 60 days, undergoing rapid
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degradation in tissues, are categorized as absorb-
able sutures [31]. Sutures that maintain their ten-
sile strength greater than 60 days are considered
nonabsorbable sutures [31]. Nonabsorbable
sutures are not digested by the body’s enzymes or
hydrolyzed in the body’s tissues [31]. Instead,
these sutures are walled off by the body’s fibro-
blasts [31]. These sutures are usually used in deep
layers, but when used for skin closure, they must
be removed postoperatively [31] (Table 2.4).

Techniques

There are several suturing techniques (Fig. 2.2).
Interrupted sutures are the ones where the suture
only passes across the defect or closure line once.
Running or continuous sutures are the ones where

Table 2.4 Absorbable and nonabsorbable sutures

Absorbable sutures

Suture Absorption rate

Plain gut Absorbed by proleolytic

enzymatic digestive process
Chromic gut Absorbed by proleolytic

enzymatic digestive process

Polyglactin 910 rapide Absorbed by hydrolysis.

(Vicryl RAPIDE) Essentially complete at 42
days

Poliglecaprone 25 Absorbed by hydrolysis.

(Monocryl) Complete at 91-119 days

Polyglactin 910 plus Absorbed by hydrolysis.

antibacterial (Vicryl Plus) Essentially complete at
56-70 days

Polyglactin 910 (Vicryl)  Absorbed by hydrolysis.
Essentially complete at
56-70 days

Polydioxanone (PDS) Absorbed by slow

hydrolysis. Minimal until
90th day. Essentially
complete by 6 months

Nonabsorbable sutures
Suture
Silk

Absorption rate

Gradual encapsulation by
fibrous connective tissue
Nonabsorbable

Gradual encapsulation by
fibrous connective tissue

Stainless steel

Nylon (monofilament
and braided) (Ethilon and

Nurolon)

Polyester fiber Gradual encapsulation by
(Mersilene, Ethibond) fibrous connective tissue
Polypropylene Nonabsorbable

Adapted from Dunn [31]

one suture is used to close a larger area rather than
several separate ones. There are also mattress
sutures (vertical and horizontal) that are used to dis-
tribute tension of the suture over a greater area and
help evert the wound edges to allow for an improved
closure. Sutures are also described by what layer
they close. Deep dermal sutures approximate the
deep layer of the dermis and subcuticular sutures
approximate the epidermal-dermal junction.

Complications

If sutures are left in for a prolonged period of
time, “railroad track” marks can form from the
suture exit holes. In cosmetically sensitive areas,
sutures are removed 5—7 days after placement to
avoid such types of scarring. Some sutures cause
a localized reaction and small “suture abscesses”
develop at the site of a suture knot. In this situa-
tion, a small pustule, about 1 mm in diameter,
will form and can be easily drained with a sterile
needle. These suture abscesses do not need to be
treated with antibiotics. Usually, removal of the
inciting agent (the suture knot) and/or drainage
of the pustule is the complete treatment.

Drains

Drains are used to evacuate fluid from a potential
space. That space is the result of removal of the
tissue that once occupied that area or from the
separation of the layers during the course of the
operation. There are several types of drains
(Fig. 2.3), but they perform a similar function,
removing fluid through negative pressure. They
are a closed suction system. They will not pre-
vent drainage from occurring, but drains will
allow the egress of fluid. Drains are usually not
removed until the fluid that is draining is less than
30 ml over a 24-h period.

Surgical Complications
Infections

Surgical infections can occur for several reasons.
There are several risk factors for surgical-site
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Fig. 2.2 Illustrations of various sutures. (a) Running suture or “baseball” suture. (b) Horizontal mattress suture. (c)
Subcuticular suture. (d) Vertical mattress suture. (e) Purse string suture

infections. In the plastic surgery literature, risk
factors for surgical-site infections were age
greater than or equal to 50 years, body mass
index greater than or equal to 30 kg/m?, or opera-
tive time greater than 4.25 h [33]. After clean spi-
nal operations, multiple other factors were noted
for increased risk of surgical-site infections:
trauma, a past history of diabetes, smoking, being
confined to bed, in the perioperative period, mean
blood sugar levels above 120 mg/dl, longer
lengths of incisions, and longer hospital stay
[34]. Simple skin erythema or cellulitis can often
be treated with intravenous or oral antibiotics.
Deeper infections or abscesses must be drained
in addition to the use of antibiotics.

Wound infections manifest as erythema of the
wound edges and warmth. The erythema is not
isolated to around the suture exit sites, which is a
normal inflammatory reaction to sutures, but
instead, the erythema is in a non-patterned distri-
bution. If the erythema is in a discrete shape or
distribution, suspicion should be raised for a con-
tact dermatitis or other allergic reaction to a prod-
uct being utilized on the skin.

In the cases of an abscess, there will often be
edema and thinning of the skin over the collec-
tion. The area will be fluctuant as the fluid deep
to the skin is trying to drain itself. Eventually,
some abscesses will spontaneously drain. The
difference between a seroma and an abscess is
the fluid that the cavity contains. Seromas con-
tain serous, straw-colored to amber-colored fluid
versus purulent, thick material of abscesses.
Occasionally, the fibrinous exudate of a wound is
mistaken for purulence. Fibrinous exudate is typ-
ically adherent to a wound edge or base, whereas
purulence can be easily wiped off with a gauze or
a glove. Pus also has a foul odor that fibrinous
exudate may not have.

With surgical-site or wound infections,
patients may become febrile and/or develop leu-
kocytosis. Deeper infections may not be readily
apparent on the skin surface, so often additional
imaging must be obtained. Ultrasonography is
the least invasive technique to diagnose a deeper
collection. Computed tomography (CT) scans are
useful in cases to distinguish the exact location
and accessibility should the collection need to be
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Fig.2.3 (a) Bulb attached to the end of the drain to collect fluid. (b) Flat drain that is inserted into the wound to collect

fluid

percutaneously drained. CT scans are also useful
as oral contrast can be given to see if the collec-
tion has a connection to the bowel. Finally, mag-
netic resonance imaging (MRI) is useful in
diagnosis of osteomyelitis, particularly in rela-
tion to the bone within a decubitus ulcer.

Hernias

A hernia is a defect in the fascia. Hernias develop
from previous incisions or from a weakening of
the fascia over time. Incisional abdominal her-
nias occur from the acute separation of the
sutured abdominal walls in less than 1% of the
time or from chronic wound dehiscence in greater
than 20 % of the time [35]. Incisional hernias are
recognized more now with increased imaging

postoperatively and increased long-term follow-
up [35]. There are two categories of factors that
can affect incisional hernia development: surgi-
cal technique (type of incision, suture material,
and suture technique) and patient-related factors
(age, gender, comorbidities, exogenous toxins,
and hereditary connective disease) [35]. Patients
may present with a history of a bulge that is exac-
erbated with exercise or coughing and relieved
after ceasing the activity [35]. Hernias become
problematic when they become symptomatic.
Symptoms of hernias include pain, change in
bowel habits (constipation or diarrhea), or nausea
and vomiting. Tissue such as fat, omentum, and
bowel can protrude through the defect, become
strangulated by the narrow opening, and become
ischemic. Ultrasonography can be a helpful diag-
nostic tool, especially since it is noninvasive and
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less expensive [35]. CT or MRI scan is useful for
complicated hernias or large abdominal wall
defects and may be obtained preoperatively for
surgical planning [35].

There is no set defect size at which incisional
hernias or hernia should be repaired [35]. Once
hernias become symptomatic, it is recommended
that they be repaired. If the edges of the fascia in
a hernia defect can be approximated without ten-
sion, then that is the initial procedure performed.
Sometimes mesh, either biologic or prosthetic, is
used to reinforce the closure to prevent recur-
rence. In some cases, the two edges of fascia can
be approximated only after relaxing incisions are
made lateral to the defect. In the abdomen, this
procedure is called component separation, where
incisions are made in the external oblique apo-
neurosis just lateral to the rectus [36]. In some
cases, the two edges of fascia cannot be approxi-
mated, and mesh is used to bridge the defect.

Fistulas

Fistulas are epithelialized tracts that are abnor-
mal between two epithelialized organs. The com-
munication occurs between the gastrointestinal
tract and adjacent organs in an internal fistula,
whereas an external fistula describes a communi-
cation from the GI tract to the skin. Furthermore,
fistulas can be categorized by the amount of their
daily output. Low-output fistulas drain less than
200 cc of fluid per day compared to high-output
fistulas, which drain greater than 500 cc of fluid.
Their clinical manifestation can very dependent
on which structures are involved such as recur-
rent urinary tract infection in the enterovesicular
fistula and skin breakdown and excoriation in
enterocutaneous fistulas. In addition, the degree
of output can lead to dehydration, electrolyte
imbalances, as well as malnutrition [37].

The majority of enterocutaneous fistulas arise
from iatrogenic causes, with the remainder occur-
ring as a manifestation of underlying Crohn’s
disease or cancer. Fistulas tend to remain open
for several reasons: presence of a foreign body,
radiation, infection, epithelialization, neoplasms,

or distal obstruction. All of these causes prevent
normal healing of a wound. They are best diag-
nosed with imaging using CT scans with enteral
contrast, small bowel studies with follow through,
as well as fistulagrams.

In order to fix a fistula, the source must be identi-
fied to prevent recurrence. Prior to any intervention,
the patient must be optimized in terms of nutrition
and fluid as well as treatment of any underlying
infections. Initial conservative measures are imple-
mented to increase the chance for spontaneous clo-
sure; these include bowel rest with parenteral
nutrition as well as treatment with octreotide to
decrease the daily output. If conservative methods
fail, surgical intervention may be required. In surgi-
cal treatment the fistula tract must completely
excised in order to allow fresh adjacent tissue to
approximate and close down the space [38, 39].

Marjolin’s Ulcer

Nonhealing wounds should be investigated for
causes of nonhealing, such as long-standing ste-
roid use, diabetes, and infection. If a nonhealing
wound is excised or debrided, the specimen
should be sent for pathology as malignancy can
develop within these wounds [40, 41]. Marjolin’s
ulcer is a rare but aggressive malignancy seen in
previously traumatized and chronically inflamed
skin [41]. One study reported that the majority of
these squamous cell cancers were within burn
scars [40]. Risk factors for the development of
neoplasms after burns are healing by secondary
intention, nonhealing wounds, and fragile, ulcer-
ated scars [41]. Two variants of Marjolin’s ulcers
have been described: acute and chronic [41].
Acute degeneration occurs within a year with
chronic degeneration after 1 year [41]. In the
chronic type, the average time to malignant trans-
formation is 35 years [41]. The most common
histological type seen in Marjolin’s ulcers is
squamous cell carcinoma, but many different cell
types can be seen [41]. Treatment of these lesions
is radical excision [41]. Kerr-Valentic et al. argue
the malignant degeneration can be preventable if
early wound coverage is undertaken [40].
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Anesthetic Considerations
in Rehabilitative Surgery

Matthew Klein

Introduction

The field of rehabilitative surgery has grown con-
siderably over the past decade. Care of the neuro-
logically injured patient previously entailed
providing support and comfort care. We now aim
to restore functionality for these patients and
repair their injuries. Patients with brain and spinal
cord injury (SCI) have unique challenges because
of their injuries. This chapter will discuss the
anesthetic management of these patients, includ-
ing preoperative evaluation and preparation, intra-
operative management, and postoperative care,
including acute pain management.

SCl is associated with reduced life expectancy
among survivors. Mortality is highest in the first
year. After the first year, life expectancy is
approximately 90% of normal [1-3]. Higher
level of injury, i.e., cervical or high thoracic, and
advanced age are negative risk factors. The most
common causes of death are pulmonary compli-
cations followed by cardiovascular events [1, 2].
The rate of suicide is also higher than in the gen-
eral population [3].
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Autonomic Dysreflexia

Autonomic dysreflexia (AD), seen in SCI above
T6, is a manifestation of the loss of coordinated
autonomic response to stimuli on cardiac func-
tion and vascular tone [4, 5]. Exaggerated sympa-
thetic response to stimulation below the level of
the injury leads to diffuse vasoconstriction and
hypertension. A compensatory parasympathetic
response above the level of the injury leads to
vasodilation and bradycardia. This does not allow
for enough “runoff” to reduce elevated blood
pressure. Lesions lower than T6 do not have this
problem as the neurologically intact splanchnic
vascular bed provides compensatory dilatation.
Although any stimulation below this level can
cause this syndrome, typical sources include
bladder distention, stool impaction, pressure
ulcers, bone injury, or even positioning on the
operating room (OR) table [6]. It can also com-
plicate the peripartum period.

Symptomatic manifestations include headache,
diaphoresis, elevated blood pressure, flushing,
nausea, and blurred vision. Severity ranges from
asymptomatic to severe cardiac and/or neurologi-
cal events. The higher the level of SCI is, the
greater the frequency and severity of the attacks.
Acute management of AD attacks involves:

1. Monitoring blood pressure (BP) and heart rate
(HR).

* Prompt reduction in BP and correction of

HR abnormalities with short-acting agents
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e Common agents include:

— Nitrates (1” Nitropaste®)
Enalapril (1.25 mg IV)
Sublingual nifedipine (10 mg)

— IV hydralazine (10 mg)

2. Reverse Trendelenburg positioning (placing
the head of the bed below the foot) to induce
orthostatic hypotension.

3. Look for and correct noxious stimuli.

Preoperative Evaluation

As with all patients, preoperative evaluation
begins with a systemic analysis, with special
emphasis on the areas of increased risk in SCI
(Table 3.1). These patients may have been dis-
abled for many years, requiring an anesthesiolo-
gist to have a higher level of vigilance for earlier
onset of disease states. SCI patients often have

undergone multiple surgical procedures to
address urological issues. Integument and gastro-
intestinal pathology may occur at a higher rate
than in the general population.

Cardiovascular System

Patients with high spinal lesions lack innervation
to the sympathetic splanchnic outflow. Lack of
basal sympathetic tone to peripheral blood vessels
results in vasodilation and postural hypotension.
This is modulated over time by an increase in the
renin—angiotensin system compensation resulting
in a higher capacitance vessel tone. Intravascular
volume is often decreased in these patients, and it
is critical to ensure adequate volume resuscitation
prior to induction of anesthesia. In addition, they
have inadequate norepinephrine release that often
magnifies the hypotension on induction.

Table 3.1 Expected functional recovery following complete spinal cord injury by spinal level

Spinal level
Cl1-C4

Activities of daily living

orthoses

Feeding possible with balanced forearm

Mobility/locomotion

Operate power chair with tongue, chin, or breath
controller

Computer access by tongue, breath, voice

controls

Weight shifts with power tilt and recline chair

Mouth stick use

C5 Drink from cup, feed with static splints and

setup

Oral/facial hygiene, writing, typing with

equipment
Dressing upper body possible
Side-to-side weight shifts

C6 Feed, dress upper body with setup
Dressing lower body possible
Forward weight shifts

C7 Independent feeding, dressing, bathing with

adaptive equipment, built-up utensils

C8 Independent in feeding, dressing, bathing
Bowel and bladder care with setup

T1 Independent in all self-care

T2-L1

L2

L3

L4-S1

Propel chair with hand rim projections short
distances on smooth surfaces
Power chair with hand controller

Bed mobility with equipment

Level surface transfers with assistance

Propel indoors with coated hand rims
Independent bed mobility, level surface transfers
Wheelchair use outdoors (power chair for school
or work)

Propel chair, including curbs and wheelies
Wheelchair-to-car transfers

Transfer from floor to wheelchair

Stand with braces for exercise

Potential for swing to gait with long leg braces
indoors

Use of forearm crutches

Potential for community ambulation

Potential for ambulation with short leg braces
Potential for ambulation without assistive devices

This article was published in Randall [24]. Copyright 2000 Elsevier
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As mentioned above, lesions above T6 inter-
rupt the cardiac accelerator fibers resulting in
bradycardia and a diminution in inotropy. As a
result, patients present with high vagal tone with
conduction defects, heart block, and arrhythmias.
A preoperative electrocardiogram (ECG) should
be routine regardless of the patient’s age.

Respiratory System

Respiratory compromise is common not only in
patients with lesions above C6, the level of inner-
vation of the diaphragm, but in those with tho-
racic lesions as well. In thoracic lesions,
abdominal muscle activity may be absent and
intercostal activity, minimal. This impairs cough-
ing, deep breathing, and clearing secretions [7].
Upper accessory muscles, e.g., the sternocleido-
mastoid and trapezius, may play a larger role in
breathing. Gastric and bowel distention from
autonomic dysfunction may further impair dia-
phragmatic excursion and increase atelectasis, as
well as increased risk of regurgitation and aspira-
tion. Kyphoscoliosis, an abnormal curvature of
the spine in both a coronal and sagittal plane, is
common in these patients and may aggravate
these issues. Pulmonary function tests (PFTs)
often show a decrease in vital capacity, functional
residual capacity, and expiratory flows as well as
adecrease in Pa0O, and increase in dead space and
PaCO, secondary to the increase in atelectasis.
Management may include placement of a naso-
gastric tube to decompress bowel, chest physio-
therapy, and tracheal suctioning.

Genitourinary System

Chronic infection and colonization of the urinary
tract develops early in the spinal cord-injured patient.
Chronic infection leads to proteinuria, hypocalce-
mia, and renal insufficiency. A main cause of death
in chronic spinal cord lesion patients is renal failure
[8]. Patients also develop amyloidosis and hypoalbu-
minemia secondary to albuminuria. This can lead to
significant peripheral edema and skin breakdown.
These patients often need prophylactic corticosteroid

administration secondary to adrenal cortical dys-
function. Adrenocorticotropic hormone (ACTH)
levels can be measured to assist in monitoring adre-
nal function [11].

Chronic renal insufficiency also leads to a
decrease in hemopoietin hormone production
causing chronic anemia. This may require blood
transfusions prior to surgery. The resultant renal
insufficiency can also result in electrolyte and
acid-base imbalances often exacerbated by
treatment for constipation with enemas, diuretics
for peripheral edema, and low-salt diets.

Calcium and potassium imbalances can put
the patient at risk for cardiac arrhythmias if not
corrected preoperatively [9].

Musculoskeletal System

SCI patients develop osteoporosis and muscle
wasting very quickly after injury [10].
Hypocalcemia from renal insufficiency acceler-
ates mobilization of calcium from bones resulting
in a high propensity for pathologic fractures from
simple movement or positioning on an operating
room table. Pressure injury to the skin below the
level of the SCI occurs commonly. Decubitus
ulcers can develop after 2 h of continuous pres-
sure on a skin area. The chronic anemia and hypo-
albuminemia of renal insufficiency make para- and
quadriplegic patients even more susceptible to
this kind of injury. Secondary osteomyelitis devel-
ops at these areas, particularly the ischium,
sacrum, and heels. Ulceration at the site of possi-
ble injection, fever, elevated white count, or
untreated infection are contraindications to
regional anesthetic block [11]. Skeletal muscle
spasm can also occur after a stimulus below the
level of the spinal cord lesion. This involves a spi-
nal reflex arc. This can occur intraoperatively and
interfere with the surgical procedure.

Thermal Regulation
The SCI patient is poikilothermic, having a body

temperature that varies with the temperature of
the surroundings below the level of the spinal
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cord injury with loss of autonomic control cutane-
ous vasoactivity, sweating, and shivering. These
patients are particularly susceptible to the changes
in ambient temperature in an OR. They are not
able to efficiently get rid of heat in a warm OR or
develop hypothermia quickly in a cold OR [12].

This requires close monitoring of temperature
with either an esophageal or bladder temp probe.
Forced air warmers and warmed intravenous (IV)
fluids should be immediately available.

Psychological Issues

Depression is common in these patients, particu-
larly at the time of the acute lesion. Emotional
strains are compounded by the work of rehabilita-
tion economic pressures and recognition of their
permanent handicap. Frequently, these problems
are compounded by alcohol and drug dependence.
It is important to elicit any drug or alcohol use in
the preoperative interview as well as any herbal or
homeopathic remedies [13].

Intraoperative Considerations
Intraoperative Monitoring

Routine monitoring, including ECG, BP, pulse
oximetry, and EtCO,, as well as temperature mea-
surement, should be used on all cases. A urinary
catheter is necessary as these patients have no
control of bladder function. More invasive moni-
tors, including intra-arterial monitors, should be
used if there are expected fluid shifts, a prolonged
case, or a patient with a history of severe auto-
nomic hyperreflexia because blood pressure
changes may be unpredictable. This also allows
for regular measurement of hematocrit, electro-
lytes, and arterial blood gases.

Central venous pressure monitoring also is
recommended when significant fluid shifts are
expected because urine output in these patients is
not always a good marker of fluid status. It also
allows for vasoactive drugs to be given directly
into the central circulation to treat episodes of
hyper- and hypotension.

Anesthetic Considerations

Patients with SCI require anesthesia for proce-
dures because of the occurrence of autonomic
hyperreflexia in otherwise insensitive areas
(Box 3.1). It is not recommended to perform sur-
gery on these patients, including common urinary
tract work (calculi, fistulas, or bladder work),
debridement of decubitus ulcers, or even minor
procedures, without an anesthetic that blocks
reflexes at the spinal cord level. An episode of
hyperreflexia can provoke life-threatening hyper-
tension and bradycardia. Furthermore, topical
anesthesia does not block afferent transmission to
the spinal cord. Attempting to perform a proce-
dure under inadequate, local anesthesia in a
patient with SCI may be extremely dangerous and
should not be attempted [14].

General Anesthesia

Induction

Induction of anesthesia in these patients is full of
challenges. Not enough anesthesia can induce a
hyperreflexic crisis, but too much and profound
hypotension and tachycardia ensues. A slow and
gentle induction in these patients is required
along with the availability of agents to treat wide
swings in blood pressure. It is often valuable to
monitor BP with an arterial line in these patients
so beat-to-beat changes can be treated quickly.
Direct-acting agents, like epinephrine, norepi-
nephrine, and phenylephrine, and adequate fluid

Box 3.1: Common Symptoms and Signs of AD

* Headache

e Hypertension (note: comparatively low-
resting blood pressure in SCI)

* Flushing/blotching of skin above level
of injury

* Sweating above level of injury
Reproduced from Autonomic dysre-
flexia: a medical emergency, J Bycroft,
I S Shergill, E A L Choong, N Arya,
P J R Shah, 81, p. 232-235, 2004
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resuscitation should be used. Indirect-acting
agents such as ephedrine should be avoided [15].
Depolarizing paralytics, e.g., succinylcholine,
should not be used in the first 18 months after
injury, as it can cause release of large amounts of
potassium into the bloodstream causing ventricu-
lar fibrillation. A defasciculating dose does not
mitigate this risk. Non-depolarizing agents
should be used exclusively in these patients [16].

These patients remain at high risk of aspira-
tion during anesthesia and should always be con-
sidered “a full stomach.” As discussed earlier,
they often do not have adequate respiratory func-
tion and reserve and, under anesthesia, are unable
to develop adequate inspiratory pressures. For
this reason, laryngeal mask airways should be
avoided. Endotracheal intubation is the preferred
method of protecting the airway. A rapid sequence
induction with a non-depolarizing agent, Sellick
maneuver (cricoid pressure), and preoxygenation
is standard. Awake intubation is an option in
patients with an unstable neck or a fixed and
fused spine. Newer intubation tools such as video
laryngoscopes also have a role. Asleep intubation
with a fiberoptic scope is another safe and useful
way to secure the airway. The key is a thorough
and careful airway examination.

Maintenance

Inhalational anesthetics, particularly agents such
as desflurane and sevoflurane, allow for careful
titration to stimulus. Maintaining adequate levels
of anesthesia allows for attenuation of hyperten-
sive response to stimulus. This often means keep-
ing the patient “deep” until the end of the
operation. The choice of inhalational anesthetic is
dependent on the underlying hemodynamics of
the patient and comorbidities. Renal disease is
common in patients with SCI; avoiding sevoflu-
rane in these patients would be appropriate. On
the other hand, desflurane can cause tachycardia
in therapeutic doses, making hemodynamic con-
trol more difficult. Narcotics should be used judi-
ciously in these patients both intra- and
postoperatively as they contribute to ileus, which
is already common in these patients. One approach
to pain management is the use of multimodal ther-
apy, including intravenous (IV) nonsteroidal anti-

inflammatory drugs, IV acetaminophen, steroids,
gabapentins, and judicious use of narcotics.

This helps speed return of bowel function and
prevention of ileus.

Use of non-depolarizing muscle relaxants is
important to prevent mass muscle reflex occurring
during abdominal surgery and facilitates
mechanical ventilation in a patient with limited
functional reserve capacity. This helps with
pulmonary toilet and helps to prevent hypercarbia,
atelectasis, and respiratory fatigue in patients
with limited reserve [17]. However, mechanical
ventilation causes diminished preload by
impeding venous return to the heart contributing
to the hypotension from the inhalation anesthetics.
This is best treated with increased fluids and
repairing preload [18].

Increased bleeding is noted in these patients,
even in the face of normal clotting parameters.
This may be related to the loss of sympathetic
tone in arterioles and smaller venules.
Hypertensive responses will increase this bleed-
ing, and early transfusion is recommended [13].
Integument protection and temperature control
are also critical in these patients. They are far
more prone to decubitus ulcers and skin degrada-
tion or abrasion. In addition, temperature regula-
tion is significantly more difficult to control in
these patients without any compensatory vaso-
constriction or dilatation, even if depressed by
anesthesia. Forced air warming of these patients
as well as using warmed IV fluids can help. The
key is temperature monitoring as overenthusiastic
warming can lead to hyperthermia [15].

Emergence

Because these patients are being kept “deep” to
avoid blood pressure swings during the procedure,
it is important to have a controlled emergence and
loading of adequate amounts of narcotic to prevent
a hypertensive crisis on emergence. The challenge
remains to weigh the return of adequate respira-
tory function [15]. The ability to clear secretions,
adequate tidal volume, and minute ventilation all
contribute to the decision of when to extubate. The
right balance between residual narcotic, inhalation
anesthesia, and muscle relaxant all make the deci-
sion to extubate often a difficult one.
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Spinal and Epidural Versus Regional
Anesthesia

Spinal and epidural anesthesia have been used
successfully in patients with SCI without any
adverse effects on their injury [14]. There is no
evidence that it worsens the neurological state
of a chronic and stable spinal cord injury.
Peripheral nerve blocks can be used as well in
patients with nerve injuries, both of the lower
and upper extremities. As we have already dis-
cussed, the greatest challenge with these
patients is their autonomic hyperreflexia. One
of the best ways to prevent this is to block the
afferent pathways at the level of the spinal cord,
so the reflex loop is cut. Both epidural and sub-
arachnoid blocks can achieve this reliably, as
opposed to topical or local anesthesia that does
not impact the afferent loop at all. Spinal anes-
thesia is particularly useful in blocking stimu-
lus at the sacral roots, commonly stimulated in
urological procedures. Lumbar epidural anes-
thesia does not provide consistently reliable
relief at the sacral levels but can be more effec-
tive at higher levels and is slowly titratable to
the required level [19].

The respiratory and cardiac difficulties that
are the hallmark of general anesthesia are
often easier to manage under a regional block.
These blocks also provide good muscle relax-
ation with the use of paralytics. For abdominal
operations, an epidural needs to be used in
conjunction with a general anesthetic for
patient’s comfort and safety. The use of epi-
dural or spinal narcotics also helps to block
opiate receptors that inhibit autonomic
reflexes.

Regional anesthesia is not without its chal-
lenges. It’s often difficult to determine the level
of the block because of the sensory deficit so it is
difficult to ascertain if block is at an appropriate
level to sufficiently counteract autonomic reflexes
until the procedure starts. A test dose through the
epidural is difficult to evaluate for subarachnoid
injection and intravascular injection putting the
patient at risk for total spinal and hemodynamic
instability.

Neuraxial anesthetics result in often com-
plete sympathetic blockade, making them diffi-
cult to manage in patients with SCI who are
often hypovolemic, anemic, brady- or tachy-
cardic, and hemodynamically unstable. Patients
will typically need fluid resuscitation and vaso-
active agents immediately available. It is also
often technically difficult to do neuraxial anes-
thesia in these patients. They often have integu-
mentary issues like decubitus wulcers and
excoriations on the lumbar spine area, muscle
spasm, and distortion of the vertebral column.
Osteoporosis and previous spinal fusion can
also be a problem along with difficulty in
positioning.

Spinal and epidural anesthesia can be very
effective in preventing autonomic hyperreflexia
but can be problematic. Assessment of anesthetic
level can be difficult; in addition, a test dose
during epidural anesthesia is not useful. Technical
difficulties are common. Vertebral column
deformities, surgery, and infection may make
access to CSF difficult [14].

Regional anesthesia has little or no role in the
care of spinal cord-injured patients. It neither
blunts an autonomic hyperreflexive response
nor provides analgesia to an already denervated
area.

Treatment of Autonomic
Hyperreflexia

Autonomic hyperreflexia needs to be treated
immediately and aggressively as soon as it
occurs. It can cause increased morbidity and
mortality both intraoperatively and postopera-
tively (Box 3.2). Stroke remains the second
most common cause of death in these patients
[20]. Treatment starts with the removal of the
precipitating stimulus. This may require deep-
ening the level of general anesthesia, raising the
level of an epidural, or placing a catheter to
empty the bladder. The underlying cause must
be identified and treated. Pharmacologic agents
should be used simultaneously to lower the
blood pressure until the inciting cause is
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Box 3.2: The Main Precipitants of AD
* Urological

— Bladder distension, urinary tract

infection, urological procedures
(e.g., cystoscopy, urodynamics), and
genital  stimulation  (including

assisted ejaculation)
¢ Gastrointestinal
— Rectal distension, anorectal condi-
tions, anorectal procedures, and acute
abdomen
e Musculoskeletal
— Fractures, dislocation, and heterotopic
ossification
e Others
— Skin problems (e.g., ulceration,
infection), pregnancy, and labor
Reproduced from Autonomic dysre-
flexia: a medical emergency, J Bycroft,
S Shergill, E A L Choong, N Arya, PJ R
Shah, 81, p. 232-235, 2004

identified. The agents should be easily adminis-
tered, rapid in onset, and short in duration of
action as well as easily titratable.

* Hydralazine [21]
— Very useful agent in this scenario
— Pure arteriolar vasodilator, with quick
onset and easily titratable
— Often associated with reflex tachycardia
that helps alleviate the bradycardia
— Dosed in 5-20 mg IV
e Enalapril
— ACE inhibitor that dilates blood vessels by
inhibiting the conversion of angiotensin I
to angiotensin II (vasoconstrictor)
— Causes a gentle vasodilation generally
without a reflex tachycardia
— Dosed in increments of 1.25 mg, up to
S5mglV
e Nitroprusside
— Direct arteriolar and venous vasodilator,
easily titratable and always effective

— Requires an arterial line for titration
— Prolonged administration can result in cya-
nide toxicity
e Clevidipine
— Intravenous
infusion
— Arteriolar vasodilator
— Start with doses of 1-2 mg/h and titrate up
to 1 mg/h every 90 s until desired BP
e Nifedipine
— Also calcium channel blocker that can be
used sublingually as well as orally
— Rapid onset and short duration of action
— Can also be used prophylactically when
given prior to a procedure
e Labetalol
— Commonly used antihypertensive, but its
role in this situation is limited because bra-
dycardia from beta-blocker effect can make
the reflex bradycardia from autonomic
hyperreflexia worse

calcium channel blocking

Special Cases: Peripheral Nerve
Reconstruction

When performing surgery for peripheral nerve
reconstruction, there are a few considerations from
an anesthetic perspective. Frequently, the surgeons
will use intraoperative nerve monitoring, and care
must be taken not to interfere with the signal. This
means limited use of neuromuscular blocking
agents for intubation. Due to muscle spasm, rigid-
ity, previous surgery, or injury, these patients often
have a difficult airway, and succinylcholine is the
muscle relaxant of choice. A limited dose of a non-
depolarizing muscle relaxant can be used as long as
it has worn off before nerve monitoring com-
mences. Inhalation anesthetics provide amnesia,
analgesia, and hypnosis but need to be kept to less
than half-MAC, standard dosing measure of inha-
lation anesthetics, to avoid interference with neuro-
muscular monitoring. Total intravenous anesthesia
(TIVA) can either be used alone or in conjunction
with small doses of inhalation agents. Often the
surgeon requests limited movement on emergence
to prevent injuring a fresh nerve repair.
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Suctioning the airway while the patient is still
deep and ensuring adequate analgesia when
awakening help reduce “bucking” and straining
on the endotracheal tube.

Postoperative Considerations
Postanesthesia Care

In the postanesthesia care unit, the patient still
remains at risk for autonomic hyperreflexia. Care
must be taken to prevent bladder distention and
distended rectum.

The biggest concern remains in the respiratory
system. Inadequate respiration can cause
atelectasis and hypoxia. Inability to handle
secretions is common in this patient population
who often require suctioning [14]. It is important
to insure that all muscle relaxants are reversed
and patients meet all criteria prior to extubation.
Frequently these patients need prolonged
ventilation after major surgery. Do not hesitate to
leave the patient intubated if it is not clear that he
or she can protect his or her airway, clear
secretions, and adequately ventilate.

Long-Term Care

Frequent episodes of autonomic hyperreflexia
can be managed with nifedipine as well as
removing the causative stimulus [22].
Occasionally, cordectomy or neurectomy of
pudendal or pelvic nerves is necessary. Selective
dorsal rhizotomy can relieve spasticity in
intractable cases [23]. Bilateral paravertebral
blocks can also be used to block the response.
Since bladder distention is the most common
cause of autonomic hyperreflexia, efforts should
be directed to relieving and preventing this.

Acute Pain Management
The postoperative pain management of these

patients starts with a thorough history of pain
management medications and muscle relaxants as

well as all medications of which the patient does
not tolerate the side effects. Some narcotics are
better tolerated than others and this varies from
patient to patient. This is particularly important in
these patients who often have problems with ileus
secondary to denervation or are on narcotics and
other medicines preoperatively that slow bowel
motility. A thorough history of the pain medi-
cines, both narcotic medications and those used to
treat neuropathic pain, that the patient is already
on preoperatively is critical to knowing the
patient’s baseline need for pain medication and
muscle relaxants. For example, it would be an
error to put a patient on what appears to be an
appropriate amount of pain medicine for the pro-
cedure and then realize the patient takes more
than that dose at home prior to the procedure. It is
important to understand the patient’s chronic pain
needs before treating acute pain.

When thinking about acute pain management
in patients with SCI or nerve damage, it is impor-
tant to think first about multimodal therapy [23].
This is the approach of using nonnarcotic analge-
sics, muscle relaxants, and anti-inflammatory
medications to reduce the amount of narcotic that
is required to keep a patient comfortable.
Narcotics can commonly cause nausea, ileus, and
dysphoria and often require larger doses when
chronically used to release pain. The short-term
addiction potential is small when used to relieve
pain but can create dependency over time.

When thinking about multimodal therapy, we
use different medications that work on different
areas of the nociceptive pathways. Below is a list
of some of the drugs that can be used and
suggested doses. These drugs are meant to be
used in combination, reflecting a larger goal in
pain management.

e Acetaminophen
— Mechanism thought to be inhibition of
COX2 enzyme centrally
— No local anti-inflammatory
peripherally
— Administered IV or orally
e [V dose is more efficacious immediately
post-op in the face of poor GI motility
and absorption.

effects
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e IV can reduce narcotic requirements of
40-60 % in most patients when used on
a regular basis as opposed to as needed.

e After 48—72 h, transition to oral doses.

Dosage and safety concerns

e Up to 4 g/day in patients with normal
liver function.

e Dosage reduced in patients with
impaired liver function demonstrated by
elevated bilirubin or prolonged PT in
the face of no anticoagulation.

e Care needs to be taken to consider other
combination agents (Percocet, Lortab,
etc.) that contain acetaminophen when
calculating the total dose.

* We recommend not using combination
agents and giving acetaminophen around
the clock to a total of 4 g/day and supple-
ment with narcotics as needed.

e Nonsteroidal anti-inflammatory drugs (NSAIDs)

Peripheral anti-inflammatory effect.
Analgesic effects both centrally and
peripherally.
They work mainly by inhibiting cyclooxy-
genases (COX1 and COX2).
Side effects
e Increase bleeding by inhibiting platelet
aggregation
* One of the leading causes of GI bleed-
ing from ulcers and erosive gastritis
e Cause acute renal failure if used in the
face of impaired renal function or dehy-
dration, particularly in the elderly
e Important to follow the BUN and creati-
nine tests and keep the patients well
hydrated
Despite these drawbacks, extremely effica-
cious in the treatment of acute pain in the
perioperative setting
Multiple oral versions of these drugs with
different strengths and duration of actions
as well as different preferences for COX1
or COX2 receptors
IV formulations used in pain management
¢ Ketorolac (Toradol).
— Inexpensive agent
— Duration of action of 4-6 h and
dosed g6 h

— Not recommended to be used for
more than 5 days.
e Other IV NSAIDs are diclofenac and
naproxen.
— Similar concerns and varying degrees
of COX1 vs. COX2 effects
e NSAIDs, in combination with acet-
aminophen, provide most of the nar-
cotic dose reduction in multimodal
therapy.

e Corticosteroids

Reduce inflammation at the site of injury
Reduce concentration of cytokines and
other mediators of pain in the inflammatory
reaction

Single dose at the time of the procedure or
a short course after a procedure

*  GABA analogs: gabapentin and pregabalin

Used to treat neuropathic or “burning” pain

e All pain from injury, particularly nerve
injury, has a component arising from the
nerve itself.

e Possibly works through an inhibitory
effect on nerve transmission.

* Evidence that using these agents in mul-
timodal therapy reduces the incidence
of chronic pain syndromes after acute
pain episodes.

¢ Ketamine

Works through the NMDA receptor

Both dissociative and analgesic
Occasionally used in low doses intraopera-
tively to reduce narcotic requirements
Usually 0.5 mg/kg/h loading and 0.1 mg/
kg/h infusion

Narcotic use in these patients is frequently
required. A background level is obtained by
using a long-acting agent, whether by the oral
route or as a patch supplemented by as needed
doses of IV or oral agents. A patient-controlled
analgesia pump can be used with morphine or
dilaudid to allow for pain control and determi-
nation of the patient’s narcotic requirements.
The dose of the long-acting agents can be
adjusted to reflect additional requirements and
converted to oral form or weaned as the patient
improves. A background of multimodal therapy
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reduces the narcotic requirement significantly,
making fewer complications and higher patient
satisfaction.

Summary

Anesthesia for rehabilitative surgery requires
taking into account the unique challenges of
SCI. The loss of internal autonomic function
can cause wide blood pressure swings as well
as exaggerated response to a severed spinal
cord reflex loop. These patients also present
positioning problems secondary to contrac-
tures, previous surgeries, and muscle spasm.
They are often dehydrated with both chronic
and acute renal problems, including infection
and calculi.

Chronic pain syndromes are common in these
patients, who are frequently on narcotics preop-
eratively that need to be considered in determin-
ing their intra- and postoperative pain regimen.
Temperature measurement and regulation while
these patients are under anesthesia can be a chal-
lenge as they are poikilothermic.
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Deep Venous Thrombosis
in the Operative Rehabilitation

Patient

Jonathan Weiswasser

Venous thromboembolic disease remains a par-
ticularly common source of morbidity in hospi-
talized patients and is considered one of the most
common preventable causes of hospital death,
accounting for 50-75,000 of the 200,000 venous
thromboembolic (VTE) deaths per year in the
USA [1]. The principal determinant of VTE risk
seems to be the patient’s indication for hospital-
ization; hence, all studies of this risk have been
based upon comparison of different groups based
on a group risk assignment. Moreover, most
thrombophylaxis trials have employed venous
imaging and invasive venograms as a marker for
DVT, rather than symptoms, duplex findings,
pulmonary embolism (PE), or fatal PE. The goal
of thrombophylaxis in patients undergoing any
type of surgery must therefore be to accurately
assess DVT risk, understand the types and benefit
of therapy, and balance the benefit of prophylaxis
with the associated risk of complications, namely,
bleeding.

Special attention by the astute clinician should
be given to the patient who is immobilized due to
neurologic disease (e.g., para-/tetraplegia) or
through orthopedic injury. The increase in risk
for DVT in those with neurologic disease with
extremity paresis increases threefold, and in
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those who have sustained orthopedic trauma, that
risk may be as high as 12-fold [2]. D-dimer levels
of greater than 16 ug/dL measured two weeks
following injury can be predictive of the develop-
ment of DVT with a 77 % sensitivity, especially
when added to careful physical exam and duplex
ultrasound [3]. Indeed, the need for aggressive
prophylaxis in this surgical group demands care-
ful attention to the balance between DVT/VTE
prophylaxis and the risk of bleeding which, in the
trauma group, may be prohibitive. Unfortunately,
there exists no steadfast algorithm for the use of
prophylaxis in patients with spinal cord injury or
in patients immobilized from multipoint trauma
or surgery, which requires that the clinician base
prophylaxis based on individual patient risk.

Many schema have been designed to charac-
terize risk stratification among perioperative hos-
pitalized patients (see Table 4.1). Procedure
length, positioning, an orthopedic or neurosurgi-
cal component, a bariatric patient, malignancy,
and other comorbidities should factor heavily in
the estimate of DVT risk, as patients undergoing
reconstructive surgery often may present several
compounding factors which may be additive in
terms of risk.

While there have been few randomized con-
trolled trials of perioperative DVT prophylaxis in
patients undergoing reconstructive surgery as a
whole, the general consensus of recommenda-
tions is based upon a general surgical population.
The degree of thrombophylaxis is commensurate
with overall risk and includes external
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compression stockings, intermittent pneumatic
compression boots (IPC), low-dose ultrafraction-
ated heparin (LDUH), low molecular weight
heparinoids (LMWH), fondaparinux, and aspirin.

Table 4.1 Risk stratification in plastic and reconstructive
surgery patients

Estimated Risk of VTE
AT9 VTE risk baseline risk with
category/Caprini without prophylaxis
score prophylaxis (%) (%)
Very low/0-2 NA <0.5
Low/3—4 0.6 1.5
Moderate/5-6 1.3 3
High/>6 2.7 6

Adapted from Gould et al. [1]

Table 4.2 Recommendations for thrombophylaxis
Risk of VTE

Table 4.2 lists the recommendations for periop-
erative thrombophylaxis based on risk.

Finally, with surgery there is always a risk of
bleeding. Perioperative DVT prophylaxis in most
cases only compounds the risk of significant
bleeding as a complication, and it is up to the cli-
nician to balance this risk with that of DVT and
subsequent VTE. Table 4.3 lists the risk factors
for major bleeding among patients generally.
Other complications that arise from DVT pro-
phylaxis include reactions to heparinoids, which
in the case of certain types of heparin-induced
thrombocytopenias can be severe and life threat-
ening. It is incumbent upon the physician to mon-
itor platelet counts following the administration
of any type of heparinoid.

Risk of major bleeding complication

Average High/severe
Very low (<0.5 %) No prophylaxis
Low (1.5 %) Mechanical/IPC
Moderate (3 %) LDUH, LMWH, or IPC IPC alone
High (6 %) LDUH or LMWH plus ES or IPC IPC with pharmacologic prophylaxis

High-risk cancer surgery

LDUH or LMWH plus IPC/ES and
extended-duration prophylaxis with

when bleeding risk subsides
IPC with pharmacologic prophylaxis
when bleeding risk subsides

LMWH post discharge

High-risk LDUH and LMWH
contraindicated or not available

Adapted from Gould et al. [1]

IPC, or both

Fondaparinux or low-dose aspirin,

IPC with pharmacologic prophylaxis
when bleeding risk subsides

IPC intermittent pneumatic compression, LDUH low-dose ultrafractionated heparin, LMWH low molecular weight

heparin, ES elastic stockings
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Table 4.3 Risk factors for major bleeding complications

General risk factors

Active bleeding

Previous bleeding
Untreated bleeding disorder
Renal or hepatic failure
Thrombocytopenia

Acute stroke

Uncontrolled hypertension

Lumbar puncture, epidural, or spinal anesthesia within
last 4 h or next 12 h

Use of anticoagulants
Procedure-specific risk factors
Abdominal surgery

Male sex
Pancreaticoduodenectomy
Sepsis

Hepatic resection

Cardiac surgery

Use of aspirin

Use of clopidogrel 3d before surgery
BMI >25 kg/m?

Older age, renal insufficiency
Thoracic surgery

Procedures in which bleeding complications have
especially severe consequences

Craniotomy

Spinal surgery

Spinal trauma

Reconstructive procedures involving free flap

Adapted from Gould et al. [1]
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Evaluation and Management

of Chronic Pain

Peter S. Staats and Sean Li

Introduction

Chronic pain is one of the greatest health-care
crises affecting Americans today. It is a major
cause of disability and a leading reason for physi-
cian office visits. Moreover, the indiscriminate
treatment of chronic pain with systemic opiates
has become a major cause of morbidity and mor-
tality. There are close to 16,000 deaths each year
attributed to the use of prescription opiates in the
United States. It is crucially important for physi-
cians to have an appropriate algorithm for man-
aging patients with pain.

Any strategy begins with a comprehensive
evaluation that leads to establishing an accurate
diagnosis. To achieve an accurate diagnosis, it is
important for caregivers to include a detailed his-
tory and physical examination, any necessary
imaging, a psychosocial evaluation, understand-
ing the options for patients with chronic pain, and
implementing the most conservative options [1].
When the correct diagnosis is made, one can
develop the safest and most effective care plan to
managing pain.
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What Is Pain?

The International Association for the Study of
Pain (IASP) defines pain as “an unpleasant sen-
sory and emotional experience associated with
actual or potential tissue damage, or defined in
such terms” [1]. As such, there is typically an
emotional component as well as a biologic com-
ponent of most human pain states [2]. The chal-
lenge for the treating physician is to assess the
patient from a psychosocial as well as from a bio-
logic perspective and come up with the most
appropriate accurate diagnosis, from which a
therapeutic plan can be developed.

Physicians need to recognize that pain syn-
dromes are complex and have the ability to treat
pain or organize care from a biological, psycho-
logical, and social perspective. For most physi-
cians who are trained primarily in the biological
approach, it can be challenging to evaluate a
patient with severe chronic pain with comorbid
psychiatric disorders. In the reverse, many psy-
chiatrists and psychologists who are expert pain
clinicians may lack the expertise to diagnose
and manage the biological underpinnings. For
example, specific nerve injuries can manifest
with diffuse pain problems. A clinician needs to
be able to recognize these problems and estab-
lish the underlying pain generator. Sometimes
this will lead to a cure, while at other times the
most appropriate management strategy can be
achieved.
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Patients with similar injuries can present with
dramatically different experiences of pain. This
can occur for a variety of reasons that are not
always evident. For example, some patients with
psychological disorders like severe depression
and anxiety will frequently present with increased
pain beyond what would be expected based on
the injury or objective findings. Discrete lesions
can be missed, but psychological factors can
amplify pain as well. Patients with negative
thoughts will experience more pain compared
with others with neutral and positive thoughts
[3]. On the other extreme, individuals can have
genetic disorders leading to lack of pain fibers
and experience no pain following an otherwise
traumatic injury. These patients with “congenital
insensitivity to pain” truly feel no pain [4]. There
are multiple gradations in between with sensitiv-
ity to nerve injuries.

Pain generally begins in the periphery at spe-
cific nociceptors and is conducted to the central
nervous system via specific pathways. There is
processing and neuromodulation that occurs at
the dorsal root ganglion, the spinal cord, and fur-
ther up the central nervous system [5]. The plas-
ticity that occurs throughout the nervous system
has been shown to modify and amplify pain in
chronic pain conditions. We have recently learned
that at each step along this pathway, the pain sig-
nal can be modulated. The pain physician is like
a general contractor and should be facile with
clinical diagnosis and with the general treatment
strategies. If necessary, a pain physician will con-
sult with “subcontractors” who are specialized in
addressing focal nerve injury.

If one looks closely enough, most patients we
see in clinical practice have an identifiable bio-
logic basis for their pain. However, most patients
also have an emotional component that leads to
suffering. In some cases this suffering, especially
if associated with some psychologic morbidities,
can overwhelm the physician. A consultation
with psychology should be strongly considered
if there is any question of overlapping diagno-
ses. The job of the pain physician is not only to
determine biological source of pain but also to
apportion the component of pain that emanates
from both the biological underpinnings and the

emotional overlay. This evaluation can be quite
complex and may involve a more comprehensive
evaluation with psychology. In this setting a mul-
tidisciplinary evaluation of the patient with pain
is recommended.

Diagnostic Workup

This chapter certainly does not attempt to make
the reader an expert in all of the different disor-
ders that can cause pain. There are entire treatises
devoted to the diagnosis and management of
chronic pain [6, 7]. There are no simple X-rays or
laboratory tests that indicate if a patient has
severe pain. Physicians should, on the other hand,
do their best to establish a diagnosis and come up
with the most appropriate therapeutic plan. This
is achieved by taking a detailed history, perform-
ing a physical examination, and obtaining the
appropriate workup.

The expectation is understanding that not all
patients have a ‘“chronic pain syndrome,” and
some present with pure psychological pathology.
Rather, in most cases, specific biologic correlates
or underpinnings can be identified that may
explain a patient’s pain. While most patients do
have some component of emotional overlay, psy-
chological morbidity is rarely the primary pathol-
ogy. Once a diagnosis has been established, a
care plan can be formulated. Whenever possible,
the source of the pain should be identified, and
the clinician-patient team should predetermine a
treatment goal. Only with this framework can we
expect to come up with an appropriate therapeu-
tic plan.

The complete history and physical examina-
tion for all painful disorders is beyond the scope
of this chapter. However, the concept of estab-
lishing a presumptive diagnosis before embark-
ing on the therapy cannot be overstated. The visit
begins with a comprehensive history and physi-
cal examination. Prior to considering implemen-
tation of a long-term strategy for chronic
intractable pain, the physician should establish a
diagnosis or at least a presumptive diagnosis.
With a diagnosis in hand, one can come up with
the most appropriate therapeutic plan [8].
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a Wong-Baker FACES Pain Rating Scale

—r —_— N\

No Hurt Hurts Little  Hurts Little  Hurts Even Hurts Hurts Worst

Bit More More Whole Lot
b 0-10 Numeric Pain Rating Scale
| | | L1 1 1 1 | |
I | L L I |
o 1 2 3 4 5 6 7 8 9 10
No Moderate Worst
pain pain possible
pain
c Visual Analog Scale
No Worst
pain possible
pain

Fig. 5.1 Pain severity scales. Various tools have been
developed to help patients and clinicians quantify the
severity of pain. The following are examples of common
pain scales: (a) Wong-Baker FACES Foundation (2015).
Wong-Baker FACES® Pain Rating Scale. Retrieved [Date]
with permission from http://www.WongBakerFACES.org.
(b) numerical pain rating scale, and (c) visual analog scale
(Note: for permission please see Wong-Baker FACES pain
rating scale: From Wong et al. [9]. Copyrighted by Mosby,
Inc. Reprinted with permission, O—10 numerical pain rat-
ing scale: From McCaffery and Pasero [10]. Copyrighted
by Mosby, Inc. Reprinted by permission, Visual analog
scale and verbal pain intensity scale: From Pain
Management: Theory and Practice, edited by RK Portenoy &
RM Tanner, copyright 1996 by Oxford University Press,
Inc. Used by permission of Oxford University Press)

Begin with a chief complaint. Why is the
patient here to see you? What is the primary
pain problem? The secret to taking a good his-
tory is being a good listener. Figure 5.1 illus-
trates several common pain severity scales
utilized to assess pain. During an initial intake,
one needs to take a history and understand the
inciting events, the time course and character,
and the severity of the pain. What makes the
pain better or worse? Verbal descriptors of pain,
e.g., “burning sensation,” can help determine if
the pain is neuropathic or not. Confounding
variables, such as work history and satisfaction
with the job, will be important as well, and the
end result should be a medical documentary of
the patient’s pain history. The pain history
should include:

—

. Anatomic location (body part)

. Severity (0-10 scale; faces; mild, moderate,
severe)

3. Verbal descriptors (shooting or burning, dull

or achy)

4. Time course (When is it bad? Does it wax and
wane throughout the day, week, or month?)

. Alleviating factors (What makes it better?)

. Aggravating factors (What makes it worse?)

. Changes in functional status caused by pain

. Review of diagnostic workup (previous EMG,
MRI, laboratory tests)

9. Review of the previous treatment (previous

surgery, medication, and rehabilitation

strategies)

[\

0 3 O\ W

Obtaining a past medical history is part of the
comprehensive evaluation for pain. Comorbid
diseases can be central in defining a differential
diagnosis. Patients with a history of many disor-
ders, including diseases such as cancer or diabe-
tes, can develop painful conditions as a result of
the disease or its treatment. A complete under-
standing of the patient’s history thus can be help-
ful when trying to establish a diagnosis. For
example, patients with uncontrolled diabetes
may develop peripheral neuropathies that can be
quite painful. The practitioner should understand
that part of the treatment of the pain is to work
with the primary care physician/endocrinologist
to get diabetes under control. As part of the
comprehensive evaluation, one should under-
stand what treatments have been tried to date and
what the outcome has been of previous treat-
ments. Has a patient previously tried medica-
tions, injections, physical medicine modalities,
or surgical interventions?

The pain practitioner typically takes a history
and follows with a focused physical examination
that is determined by the history. This helps the
physician narrow the differential, or presumptive,
diagnosis. This typically involves inspection, pal-
pation, provocative maneuvers, and a neurologic
examination. Laboratory workup can be used to
help make a diagnosis or determine if it is safe to
proceed with a planned course of therapy. In
addition, with the use of some pharmacologic
agents, specific laboratory testing may help
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identify complications that can occur with treat-
ment strategies. More commonly, laboratory
workup may be used to determine if it is safe to
proceed with interventional pain procedures.

The reason to obtain additional studies is to
establish a diagnosis and to help guide the ther-
apy. One should only perform the additional
studies below as a guide to therapy. Plain X-rays
use X-ray radiation to take a picture of the hard
and soft tissue in the spine. These can be helpful
in arthritic disorders and evaluating other con-
nective tissues. Flexion-extension films of the
spine are taken with patients in multiple positions
to assess stability of the spine if a fracture (spon-
dylosis) is suspected. This test also helps to
determine spinal instability. In addition, by care-
fully orienting the patient in the correct plane,
fractures and foraminal compromise can be iden-
tified and correlated with a patient’s symptoms.

Computed tomography uses a series of X-ray-
generated images formatted into two-dimensional
and now three-dimensional images of both soft
and hard tissues. Scans can help identify hard tis-
sue abnormalities, cancer, and spinal pathology.
Ultrasound images internal structures by measur-
ing their capacity to transmit and reflect high-
frequency sound waves, making them good for
evaluating soft tissue abnormalities. Because of
the refractive elements of bony structures, they
cannot be used to visualize structures deep to the
bony tissue. In the soft tissue, patterns of tears
and can be seen in muscles, and abnormal activ-
ity can be seen in the soft tissue. This highly sen-
sitivity modality is frequently used to evaluate
muscle and ligamentous tears as well as soft tis-
sue structures such as cysts.

Magnetic resonance imaging utilizes strong
magnetic fields to assess soft tissues. The detailed
images allow for detailed evaluation of the inter-
nal soft tissue, such as the nervous tissue or herni-
ated disks in the spine. In the spine, there is clearer
definition of the spinal cord, surrounding CSF,
and extradural structures, such as disks. Moreover
architecture of the disks and level of disk dehy-
dration can be assessed by changes in signal
intensity in the spine. MRI with and without con-
trast will help distinguish malignancy and inflam-
matory or scar tissues from a re-herniation.

EMG, or electromyography, measures electri-
cal activity within muscles. Various patterns of
altered activity can indicate both primary muscle
pathology and denervation. Electromyography
records voltage changes within a muscle by plac-
ing a needle into the muscle. Electrical activity is
then recorded in the muscle and displayed on an
oscilloscope. Various patterns correlate with dis-
eases of the muscle and other pathologic pro-
cesses. Nerve conduction velocity (NCV) tests
help determine if there is damage along the path
of specific nerves. Nerve conduction studies
measure velocity and amplitude of electrical
activity of the nervous tissue. Abnormalities in
electrical activity and conduction can indicate
pathology of the nervous tissue, and can be used
to identify entrapment syndromes, lesions along
the course of a nerve or intrinsic problems within
a nerve. The pattern of abnormalities identified
can help distinguish between radiculopathies,
plexopathies, and primary nerve injuries. These
patterns can be used to guide therapy.

Radionucleotide bone scanning is used to
assess tissue that has high bone turnover, as seen
in fractures, metastatic tumor, and infection.
Because this technique is relatively sensitive, it
can be used to identify subtle lesions that are
missed with other techniques. Biopsy to obtain a
tissue diagnosis can be helpful with some neuro-
logic and rheumatologic pain states, visceral pain
syndromes, as well as with cancer diagnosis.

In an interventional pain, physicians will also
perform diagnostic blocks in order to determine
if a structure is involved in pain. This involves
placing low volumes of local anesthetic around a
peripheral nerve. If pain relief follows a local
anesthetic block, an ablative procedure is enter-
tained [11]. For example, diagnostic blocks are
frequently performed in the spine (medial branch
blocks), viscera (celiac plexus block), or periph-
eral (specific neural structures, i.e., radial nerve)
to determine if the structure innervated by that
nerve or plexus is the source of the problem [12].
Table 5.1 illustrates the various types of pain and
the associated characteristics. If the practitioner
is not clear on the diagnosis, it is appropriate to
obtain consultation with pain physicians or mem-
bers of other specialties.
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Treatment Strategies

All too often practitioners may have not estab-
lished a diagnosis or have an inaccurate diagno-
sis before beginning treatment. The treatment
strategy chosen should be determined after one
has established a presumptive diagnosis and a
treatment goal. Broadly speaking, there are sev-
eral general approaches to treating patients with
chronic pain. These include medical approaches,
anatomic or surgical approaches, neuromodu-
latory approaches, psychological approaches,
alternative  approaches, and interventional
approaches. Figure 5.2 illustrates a pain treat-
ment ladder that was adapted from the World
Health Organization’s pain treatment.

Generally, the practitioner should consider
conservative modalities prior to the more inva-
sive options. One should generally have a clini-
cal matrix in place, understanding the risks of

Table 5.1 Types of pain

Types of pain Characteristics

Nociceptive pain Transient, response to noxious
stimuli
Neuropathic pain Damage or dysfunction of the

nervous system

Inflammatory pain ~ Response to tissue damage and
inflammation
Postsurgical pain Transient pain, nociceptive, and
inflammatory

Cancer pain

Benzon et al. [13]

Associated with malignancy

Fig. 5.2 World Health
Organization pain treat-
ment ladder. The WHO
pain treatment ladder was
originally devised to treat
cancer pain (This is an
adapted version for treat-
ing chronic nonmalignant
pain (http://www.who.int/
cancer/palliative/painlad-
der/en/#, Krames [14],
Stamatos et al. [15])

considered at an earlier stage.

the therapies being recommended, the likelihood
of curing or managing the problem, the risks of
the proposed therapy for any given patient, and
the costs of the therapies over both the short and
long term. If a patient presents with back pain,
it is crucial to understand the pathology, as well
as the patient’s comorbid medical disorders, prior
to making decisions on the appropriate treatment
strategy. A young patient with new onset neuro-
logic deficit, herniated disk, and classic radicular
findings may benefit from a micro-diskectomy
early in the treatment algorithm. Alternatively
an elderly patient with comorbid medical disor-
ders and back pain may benefit from early treat-
ment with physical therapy, chiropractic care, or
medication management. Each treatment strategy
is based on the judgment of the practitioner and
an understanding of the entire clinical picture for
an individual patient.

Medication Management

There are several classes of medications fre-
quently used in the treatment of pain. They can
be used for a variety of indications (see Table 5.2).
Within each class of medication, there are multi-
ple medications that are commonly used as well
as numerous side effects and risks that define the
category. The class of medication chosen is deter-
mined by the patient’s disorder and side effect
profile of the agent(s) chosen. For example, neu-
ropathic pain can be most effectively treated with

Meuroablation
{chemical or surgical)

In contrast to earlier thinking on the
order of treatments in the pain

1
treatment continuum, it has been

proposed that device therapies be
2
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Table 5.3 Antiseizure medications

Starting Typical daily
Drug Mechanism of action  dose dose Primary clinical use Special considerations
Gabapentin Binds to voltage-gated 300 mg 1800-3600 mg Postherpetic neuralgia Start at low dose and
calcium channels (general neuropathic pain) slow titration upward
Pregabalin  Binds to voltage-gated 50 mg 150-300 mg  Diabetic peripheral Start at low dose and
calcium channels neuropathy, fibromyalgia, slow titration upward
spinal cord injury
Topiramate 1. Blocks voltage-gated 50 mg 100-200 mg  Primary indication seizure 1. Side effect is weight
Na channels per day disorder loss
2. Augments GABAA Effective in migraine 2. Used in bipolar
receptors prophylaxis disorder
3. Antagonizes AMPA/ 3. Effective with
kainate receptors headaches
4. Inhibits carbonic
anhydrase (isozyme II
and IV)
Gabapentin Extended release 600 mg 1200 mg Restless leg syndrome and Different
enacarbil  gabapentin neuropathic pain pharmacokinetic
(Horizant) profile than gabapentin
Gabapentin Extended release 300 mg 1800 gonce  Postherpetic peripheral Different
(Gralise)  gabapentin daily in the neuropathy and pharmacokinetic
evening neuropathic pain profile than gabapentin
Phenytoin ~ Voltage-dependent 100 mg 200 mg tid Treatment of trigeminal Narrow therapeutic
block of voltage-gated  tid neuralgia (second choice  index

sodium channels
Class 1b antiarrhythmic

antiepileptic medications and antidepressant
medications. If a patient were to present with
chronic burning pain and a comorbid depression,
the physician may choose an antidepressant class
of medication. Severe lancinating pain is more
commonly treated with antiseizure medications
(see Table 5.3).

Opiates require a specific discussion. Opiates
can be used in chronic pain, but there is a paucity
of data supporting their use in long-term admin-
istration. Lower doses should be considered at
early phases as part of a rehabilitative strategy.
However, not all patients with chronic pain
should be placed on opiates. There are significant
risks of systemic opiates that include death.
Clinical guidelines support the use of opiates in
certain clinical settings [16].

Opioid therapy should be reserved for patients
with moderate to severe persistent chronic pain
refractory to non-opioid and intervention pain
management modalities to improve functioning
and quality of life. This should be only started
after careful assessment of the risks and benefits

to carbamazepine)

of opioid therapy for the individual patient. The
initiation, titration, monitoring, and maintenance
of opioid medications should only be carried out
under the care of an adequately trained pain man-
agement specialist and mental health or addiction
specialist [17]. Much of what is practiced in the
prescribing of opioids for chronic pain has been
adapted from experiences with treating cancer
pain. The “analgesic ladder” (ref. to fig. or to
other chapters) was first introduced by the World
Health Organization (WHO) in the 1980s [18].
The short-term (less than 6 months) use of opi-
oids for the treatment of non-cancer chronic pain
has been shown to be effective in several system-
atic reviews. Furlan et al. reviewed 41 random-
ized trials in 6019 patients suffering from
nociceptive, neuropathic, mixed, and fibromyal-
gia pain and concluded that opioid use over 5-16
weeks was more effective than placebo despite a
33 % dropout rate [19]. Chou and Huffman found
opioids to be moderately effective in the treat-
ment of chronic non-cancer pain compared to
placebo based on study periods less than 12
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weeks [20]. Interestingly, tramadol was the only
pain medication to show fair evidence in the
treatment of chronic osteoarthritis pain in the
systematic review by Manchikanti et al. [21]. In
this comprehensive systematic review of 111 tri-
als, only four studies evaluated the effectiveness
of opioid use beyond 6 months. Furthermore,
Trescot et al. reviewed the efficacy of chronic
opioid therapy in terms of functional improve-
ment among chronic pain patients in addition to
their pain relief. For treatment of chronic non-
cancer pain beyond 6 months, there is a weak evi-
dence supporting morphine and transdermal
fentanyl; there is limited evidence for other more
commonly used opioids including hydrocodone
and oxycodone [22].

Physical Medicine Modalities

Physical modalities include all modalities
designed to modify the muscular or painful tendi-
nous insertions. The key pillars in this treatment
modality include identifying altered mechanics,
promoting healing, and restoring proper mechan-
ics and function. Complimentary treatments such
as chiropractic care and acupuncture should be
considered along with conventional therapies
such as manipulation, physical therapy of the
deep tissue including massage, exercise, heat, and
cooling, and transcutaneous electric nerve stimu-
lation (TENS) therapy. All of these approaches
can be effective for various types of pain.

Psychological Approaches

Many patients with chronic pain can benefit from
a comprehensive psychological evaluation. The
degree of suffering and comorbid psychologic
disorders can be reduced. Biofeedback can
decrease arousal of pain and provide additional
pain relief. Relaxation techniques such as bio-
feedback, guided visual imagery, and hypnosis
are few of the coping mechanisms that contribute
to the multimodal pain treatment strategy. The
restoration of sleep in the activity-rest cycle is a
key element in the psychosocial component of
chronic pain. Treatment is often maintained

through self-management interventions that may
comprise of scheduled group sessions utilizing
the social support and peer interactions.

Cognitive and Behavioral
Approaches

An important aspect of treating chronic pain is
bridging the gap between patient’s expectations
of the treatment plan and the reality of what is
actually achieved. Utilizing cognitive behavioral
therapy, the focus of pain relief is redirected from
“the pain” itself to goal-oriented improvement of
function. Negative mechanisms such as catastro-
phizing are replaced with adaptive and more con-
structive mechanisms such as self-reassurance.
This cognitive restructuring focuses on the value
of attitudes, beliefs, and emotional responses to
pain and allows the sufferer to resume pleasur-
able activities and activities of daily living.

Interventional Pain Management

Interventional pain management is the disci-
pline of medicine devoted to the diagnosis and
treatment of pain-related disorders, principally
with the application of interventional tech-
niques in managing subacute, chronic, persis-
tent, and intractable pain, independently or in
conjunction with other modalities of treatment.
Interventional pain management techniques are
minimally invasive procedures, including percu-
taneous precision needle placement, with place-
ment of drugs in targeted areas or ablation of
targeted nerves, and some surgical techniques,
such as laser or endoscopic diskectomy, intra-
thecal infusion pumps, and spinal cord stimu-
lators, for the diagnosis and management of
chronic, persistent, or intractable pain [23]. The
lack of knowledge or fear of the risks of some
of these techniques leads to over-prescribing
of opiate analgesics. Some primary care physi-
cians hesitate to refer out for these procedures,
considering them risky or may not know of their
efficacy. However, when used judiciously and in
appropriate patients, it is possible to decrease the
amount of opiates and the complications related



5 Evaluation and Management of Chronic Pain

43

to opiates, improve the quality of life, and in
some instances improve life expectancy [24, 25].

Epidural Steroid Injections

One of the classic interventional or minimally
invasive approaches is epidural steroids, applica-
tion of small amounts of steroids to specific sites
within the epidural space [26]. Usually performed
with the aid of fluoroscopic guidance, this tech-
nique involves placing a needle into the epidural
space. The needle may be placed translaminarly,
through the caudal canal, or transforaminally. Each
technique can be performed with and without a
catheter. Multiple types of steroids, local anesthet-
ics, and contrast are used in the performance of the
procedure. It is thought to decrease inflammation,
improve pain scores, and function and decrease
opiate consumption in patients with acute radicu-
lopathies secondary to disk herniations. They are
also infrequently performed in patients with can-
cer, PHN, and vascular insufficiency pain.

Epidural Infusions of Local
Anesthetics

Less frequently, epidural catheters are placed
to run an infusion of local anesthetics. The
local anesthetic quality can be used to decrease
pain and improve function in patients under-
going rehabilitation or in the immediate peri-
operative  period following  extremity,
abdominal or thoracic surgery, or trauma. This
technique has superior pain control over sys-
temic opiates alone. Risks of this technique
include epidural bleeding or trauma and should
be considered carefully in patients who require
anticoagulation.

Sympathetic Ganglion Blocks

Sympathetic blocks are used most frequently
in the diagnosis and management of complex
regional pain syndrome (formerly known as
reflex sympathetic dystrophy or RSD), first
reported by Weir Mitchell during the civil war in

soldiers who suffered limb injuries. This was later
named Sudeck’s dystrophy with observed muscle
atrophy and bone demineralization. In 1947,
Evans refined the diagnosis with the term reflex
sympathetic dystrophy (RSD) with assumed
involvement of the sympathetic nervous system
with observed abnormal activity in the periph-
ery. It was recently in 2003, the International
Association for the Study of Pain (IASP) formed
a consensus group in Budapest who outlined the
diagnosis criteria for complex regional pain syn-
drome or CRPS (see Fig. 5.3) [27]. Type I and I
differ by the presence (type II) or absence (type
I) of named nerve injury. Disproportionate pain is
the hallmark of this syndrome that leads to periph-
eral sensitization and associated with sensory
(allodynia), vasomotor (temperature asymmetry),
sudomotor (abnormal sweating), motor (atro-
phy), and trophic (hair and nail growth abnormal-
ities) changes. Variants of complex regional pain
syndrome have been described to include sympa-
thetically maintained pain and sympathetically
independent pain. Sympathetic blocks are used to
distinguish between the two types of the disorder.
Table 5.4 describes various treatment options for
CRPS including sympathetic nerve block.

Reve S

Fig. 5.3 Complex regional pain syndrome. This photo
illustrates the typical syndrome of persistent dispropor-
tionate pain in the setting of sensory, vasomotor, sudomo-
tor, motor, and trophic changes
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Table 5.4 Complex regional pain syndrome (CRPS): treatment options

Psychological Pharmacological

Cognitive behavioral therapy Corticosteroids

Biofeedback NSAIDs

Relaxation training Anticonvulsants

Coping skills Antidepressants
Opioids

Physiological Interventional

Occupational Sympathetic nerve block

Physical Intravenous

Desensitization Neuromodulation
Intrathecal

The use of multidisciplinary approach including diagnostic/therapeutic sympathetic nerve block strives to achieve over-

all goal of functional restoration in the treatment of CRPS

Fig. 5.4 Vertebral augmentation. Acute vertebral com-
pression fractures can be stabilized with percutaneous
vertebroplasty. The following is an example of an L2 ver-
tebral compression fracture shown on X-ray (a), and MRI
(b). There is evidence of bone marrow edema on the MRI
suggesting acute inflammation. Panel (¢) (lateral view)

Vertebroplasty and Kyphoplasty

This therapy is indicated for patients with focal
pain due to a spinal compression fracture. These
are minimally invasive, fluoroscopically guided
techniques to restore the structural instability
of a fractured vertebral body by placing a small

and (d) (AP view) illustrates the vertebral body after
injection of bone cement via vertebroplasty. Kyphoplasty
is a similar procedure that utilizes the addition of a pneu-
matic balloon (not shown) to create a cavity in the verte-
bral marrow prior to injection of bone cement

amount of bone cement either directly through a
cannula. The compressed vertebral body height
may be restored during a kyphoplasty by first
placing a pneumatic balloon into the crushed
vertebrae. This newly created cavity is then filled
with bone cement to stabilize the augmented
vertebral body. Both of these procedures have
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been demonstrated to improve pain and decrease
opiate consumption in patients with semi-acute
and acute vertebral compression fractures
(Fig. 5.4) [28].

Minimally Invasive Lumbar
Decompression

Minimally invasive lumbar decompression has
been recently developed to treat lumbar spinal
stenosis as a result of ligamentum flavum hyper-
trophy. Patients with spinal stenosis present with
progressive neurogenic claudication where low
back and/or lower extremity pain is exacerbated
with standing or walking. This is a minimally
invasive, fluoroscopically guided technique for
decompressing the narrowed spinal canal by
removing portions of the ligamentum flavum
through 5 mm trocar sites. This procedure may
help chronic pain patients obtain pain relief with
less risk than open spinal surgery. Numerous
well-controlled trials have been performed with
the level one evidence pending [29].

Neuromodulation

Neuromodulation is the field of medicine where
electrical energy or medications are targeted to
the nervous system through which the conduc-
tion of pain signals is modulated and reduced.
The use of electricity in the treatment of pain
dates back to 46 A.D. where torpedo fish were
used by Scribonius Largus to treat headaches. In
1967, Dr. Norman Sheely pioneered the use of
electrical leads in the dorsal epidural space to
treat intractable cancer pain. This concept has
evolved into sophisticated electronic devices that
can help patients manage chronic pain. Targeted
drug delivery to the intrathecal space was first
described by Dr. August Bier in 1898 when he
described the first spinal anesthetic [30].
Similarly, the delivery of specific medications
has also evolved into the application of implanted
computer-controlled pumps capable of delivering
precise amounts of analgesic medication(s) to the
intrathecal space.

Spinal Cord Stimulation

Spinal cord stimulation involves implanting elec-
trodes into the epidural space to modify pain or
disease. The therapy has been demonstrated to be
more effective than repeat back surgery and then
medication management in the control of pain
[31, 32]. Traditional, or tonic stimulation, has
been used since the 1960s and is a widely
accepted approach to managing neuropathic pain.
Traditional stimulation would layer a sensation
of “buzzing” over an area of pain, effectively
masking the painful sensation with a gentle buzz-
ing sensation. In order to experience pain relief
with traditional stimulation parameters, there
was a requirement of stimulating the area of pain.
Both rechargeable and non-rechargeable power
sources have been used to control pain. Figure 5.5
illustrates a typical implanted spinal cord stimu-
lator system. These therapies have been tradition-
ally most effective for neuropathic pain of the
trunk and limbs.

New frequencies are also improving the effi-
cacy of spinal cord stimulation. High-frequency
spinal cord stimulation involves utilization of fre-
quencies in the 10,000 Hz range and requires a
larger energy requirement. It is typically set sub-
threshold, so the patient feels no paresthesia as
they typically do with traditional or tonic stimu-
lation. High-frequency spinal cord stimulation
was recently compared to traditional or tonic
stimulation in a FDA clinical trial. In a non-
inferiority study design, high-frequency stimula-
tion demonstrated superior pain control for both
the back and leg over traditional or tonic stimula-
tion [33]. Burst stimulation involves utilizing
novel frequencies that have bursts of electrical
activity followed by a quiescent period. It is also
widely used in Europe and Australia and is the
subject of FDA-approved clinical trials in the
United States [34].

Novel Targets and Frequencies
Newer stimulation targets or approaches may

even improve on the success of traditional spinal
cord stimulation. For example, DRG stimulation
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Fig. 5.5 Spinal Cord Stimulation. Chronic refractory
neuropathic pain of the trunk and limb can be treated with
electrical stimulation of the pain fibers within the dorsal
horn of the spinal cord. Placement of electronic leads
within the epidural space creates paresthesia based stimu-

involves placing the electrodes directly on the
dorsal root ganglion (DRG) and stimulating the
DRG that is presumed to be involved in the pro-
cessing of painful stimuli. It appears to be supe-
rior to traditional spinal cord stimulation in
certain settings [35]. Electrodes are also placed
on peripheral nerves in the head and neck to mod-
ulate headaches. A novel approach approved in
Europe and Australia stimulates the vagus nerve
noninvasively as a prophylaxis and treatment for
cluster headaches and migraines and has been
approved in Europe for GI disorders, asthma anx-
iety, and depression [36].

Intrathecal Drug Therapy

Intrathecal therapy has been relegated to a sal-
vage approach for most patients with severe can-
cer and non-cancer-related pain [37]. Intrathecal
therapy involves placing a catheter into the
intrathecal space and connecting it to an implant-
able pump to deliver analgesics including opi-
oids. It has been demonstrated to be effective in

lation to the painful areas. Left panel illustrates the place-
ment of spinal cord stimulator leads within the epidural
space to modulate ascending pain signals (Image courtesy
of Boston Scientific). The right panel is an example of
multi-contact leads placed in the thoracic epidural space

both cancer and non-cancer populations. In the
cancer population, intrathecal opiates have been
shown to improve pain with less side effects and
possibly improve life expectancy when com-
pared to medical management alone [38]. In
addition, when compared to the costs of sys-
temic opiates, intrathecal therapy becomes cost-
effective after 28 months. The high upfront costs
of the device are offset by the lower costs of
maintenance of intrathecal opiates. Furthermore,
with close to 16,000 deaths attributed each year
to systemic opiates, the overall higher safety
profile of controlled delivery is favorable on
multiple fronts [39].

In addition, the use of non-narcotics in the
intrathecal space to manage severe pain is quite
common. Novel agents, including intrathecal
ziconotide, have been demonstrated to be effec-
tive in patients with severe pain related to cancer
and AIDS and in non-cancer-related pain [40,
41]. Algorithms have been developed that guide
physicians through various medications [42,
43]. The therapy is widely considered a safe
therapy and is used for patients with chronic
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severe pain who have failed an adequate
response to other conservative therapies includ-
ing low-dose opiate therapy.

Summary

There are multiple treatment strategies that are
effective in the management of cancer and non-
cancer-related pain. While opiates remain an
important tool for physicians, it should not be
considered the only tool that physicians have in
managing pain. In the treatment of chronic pain,
pain should be regarded as the disease state rather
than a symptom. Whichever treatment strategy
the physician chooses, he/she should begin with a
thorough history and physical examination.
Based on this, a presumptive diagnosis should be
established. This diagnosis thus should lead the
physician down an individualized treatment algo-
rithm. The risks of all therapies should be evalu-
ated when developing the appropriate therapeutic
plan. All strategies, from simply ignoring the
pain to complex surgical procedures, involve
some risk. Understanding the treatment options
should facilitate treatment with safest and most
conservative option, working up in a hierarchical
fashion.

Portions of this manuscript have been published
in Staats Li Silverman, Alternative options in
treating pain (ed Staats PS, Silverman, Controlled
Substance Management Springer 2015).
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Part IV

Nervous System and Spine



Neurosurgical Overview

Jonathan Lustgarten, David Estin, Ty Olson,
Timothy Link, and Henry Moyle

Cerebrovascular Disease
Stroke Overview

Stroke refers to any new neurological symptoms
with sudden onset. This commonly used term can
refer to any cerebrovascular disease of the ner-
vous system that interrupts neural tissue function
abruptly. When patients present to the emergency
room with an abrupt onset of new focal neuro-
logic deficits, the etiology of 95 % will be vascu-
lar (i.e., stroke), and 5% will be other disease
processes such as seizures, tumor, or psycho-
genic. Stroke is most commonly used to describe
an ischemic event involving an acute occlusion of
an artery supplying neural tissue. However,
stroke can also result from loss of neural tissue
function secondary to sudden hemorrhage into

J. Lustgarten, MD (P<))  D. Estin, MD

T. Link, MD « H. Moyle, MD

Neurosurgeons of New Jersey, 121 Hwy 36 West,
Suite 330, West Long Branch, NJ 07764, USA
e-mail: jLustgarten]1 @gmail.com;
d.estin@verizon.net; timothy.link.md @ gmail.com;
HMoyle @barnabashealth.org

T. Olson, MD, FACS
Monmouth Medical Center, Long Branch, NJ, USA

Columbia University Medical Center,
New York, NY, USA
e-mail: to103 @columbia.edu

© Springer International Publishing Switzerland 2017

the neural tissue. Approximately 85% of all
strokes are ischemic in nature, while the remain-
ing 15 % of strokes are hemorrhagic in nature [1].

Cerebral Ischemia or Cerebral

Infarction

Cerebral ischemia is a decrease in blood flow to a
part of the brain. If blood flow is too low or cutoff
completely, the brain tissue begins to die. The
result is cerebral infarction. This is by far the
most common pathology, occurring much more
frequently than the hemorrhagic causes of sud-
den neurological symptoms listed below.

Hemorrhagic Stroke

Spontaneous hemorrhage into the brain leads to
the sudden onset of neurological symptoms.
Aneurysmal subarachnoid hemorrhage results
from the rupture of a cerebral aneurysm. This
typically leads to the sudden onset of headache
and/or other neurological symptoms and is one of
the most common forms of brain hemorrhage.
Other sources of sudden hemorrhage into the
brain include arteriovenous malformation, arte-
riovenous fistulas, cavernous malformation, and
venous sinus thrombosis. Intracerebral hemor-
rhage can result from blood vessel disease, such
as amyloid angiopathy, vasculitis, and vasculopa-
thy such as Moyamoya disease. Moyamoya
involves gradual intimal thickening of the supra-
clinoid internal carotid arteries leading to eventual
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occlusion. The abnormal collateral vessels formed
are prone to spontaneous hemorrhage.

Pathophysiology of Ischemic Stroke

Ischemic stroke is a stroke caused by inadequate
blood flow to a part of the brain. Because the
brain requires a continuous supply of oxygen and
other nutrients from the blood, this interruption
in blood flow leads to dysfunction of the brain
and death of the cells in the affected area. With
complete obstruction of blood flow, neuronal
death will occur within 2-3 min. In most strokes,
there is a salvageable penumbra (tissue at risk)
that retains viability for a period of time through
suboptimal perfusion by collateral vessels.
Progression of local cerebral edema resulting
from the ischemic injury results in compromise
of these collaterals and progression of ischemic
penumbra to infarction if flow is not restored and
maintained. Treatments discussed below are
aimed at revascularizing penumbra tissue by
reopening the occluded vessel.

The most common interruption to cerebral
blood flow is from a blood clot that forms in a
more proximal artery and then lodges into a dis-
tal downstream artery that supplies the brain.
Blood clots can form in many areas and have
many causes. One of the most common causes of
cerebral infarction is carotid stenosis. The
carotid artery is prone to the development of ath-
erosclerosis and the resultant narrowing or ste-
nosis of the artery, particularly in patients with
high blood pressure, high cholesterol levels, and
diabetes mellitus. Smoking, obesity, and a sed-
entary lifestyle also contribute highly to the
development of atherosclerosis. The narrowing
of the carotid artery and the atherosclerotic
plaque in the artery can lead to clot formation.
Often, these clots break free and travel distally
downstream, lodging into a smaller artery in the
brain as an embolic event. Other causes of isch-
emic embolic stroke can include blood clots
from aneurysms, heart condition such as atrial
fibrillation, septal defects, or valve disease,
although these sources of emboli are less com-
mon than carotid stenosis.

When blood flow is decreased at the periphery
of adjacent vascular territories, e.g., the middle
cerebral artery and anterior cerebral artery, due to a
disturbance in the flow of one or both arteries,
infarction can occur in the most distal portions of
the adjacent territories leading to a watershed
infarct. This pattern of ischemia is seen in proxi-
mal vessel occlusion such as interruption of flow in
the internal carotid artery, affecting the watershed
between the anterior and middle cerebral arteries.
Low flow states such as cardiogenic shock can also
result in watershed infarcts. Risk factors for these
types of brain infarctions are identical to the risks
for coronary artery disease and other blood vessel
diseases. Patients most at risk for ischemic stroke
are often the same patients who have heart disease
or other peripheral vascular disease.

Occasionally, small blockages of an artery can
be resolved quickly on their own. If the blockage
is reversed soon enough, in these cases the new
neurological symptoms may reverse completely.
These temporary neurosymptoms are often
referred to as transient ischemic attacks (TIAs).
While they do not lead to permanent disability on
their own, they usually occur in patients at high
risk for stroke and often predict further ischemic
injuries including full cerebral infarction [2].

Presenting Symptoms of Ischemic
Stroke

The symptoms caused by an ischemic stroke are
extremely variable and depend on which cerebral
arteries are involved, the severity of ischemia,
and ultimately the areas of brain that are dam-
aged. Almost any neurological symptom can
occur. However, one of the most common sites
involved is the middle cerebral artery. Ischemic
stroke in the region of the middle cerebral artery
typically causes weakness of the opposite side of
the body (hemiparesis). If the ischemia involves
the dominant hemisphere (usually the left side),
then language and speech can be affected. In the
case of very large infarctions of the middle cere-
bral artery territory, the brain can swell signifi-
cantly, leading to increased intracranial pressure
that can lead to coma or death.



6 Neurosurgical Overview

53

It is important to consider a differential
diagnosis in patients with these symptoms.
Other causes leading to sudden neurologic def-
icits include hemorrhage, tumor, seizure, com-
plicated  migraines, reversible cerebral
vasoconstrictive syndrome (RCVS), and psy-
chogenic causes. Typically, the acute interrup-
tion of cerebral blood flow results in the sudden
onset of neurologic deficits that are character-
ized by the territory of the brain that is nor-
mally supplied by the interrupted vessel. The
hallmark of stroke is that symptoms are acute
in onset and generally result in the sudden loss
of function.

Intracerebral hemorrhage (ICH) should be
suspected with smooth onset of symptoms over
minutes to hours, presence of severe headaches,
frequent vomiting, and when depression of level
of consciousness is prominent, in contrast to
ischemic infarct which typically has significant
motor or sensory deficits with little or no impair-
ment consciousness except if massive or with
brainstem involvement. Lobar hemorrhages
resulting from amyloid angiopathy often are clin-
ically not as severe as other causes of intracere-
bral hemorrhage and are more common in the
elderly and are frequently associated with
Alzheimer’s dementia [3, 4].

Postictal states following seizures can involve
weakness or aphasia and a history of seizure disor-
der, witnessed seizure activity, or the loss of bowel,
and bladder control can help to make the diagnosis
of seizure. The neurologic symptoms resulting
from tumor are usually late in the course of tumor
progression and preceded by other more chronic
symptoms including headache and seizure.
Complicated migraine with transient neurologic
deficits can usually be differentiated from stroke
by obtaining an accurate patient history of recur-
ring intermittent symptoms; however, auras are the
most recognizable symptom associated with
migraines. Patients who present for the first time
with complicated migraines require a full stroke
evaluation. RCVS is characterized by a week-long
course of thunderclap headaches, occasional focal
neurologic signs, and seizures. The diagnosis is
made by angiographic demonstration of diffuse
reversible cerebral vasospasm [5].

Evaluation and Management
of Ischemic Stroke

The key components to look for when taking the
history of a suspected acute ischemic stroke are
the last time when seem normal and any potential
contraindications to the administration of intra-
venous tPA (tissue plasminogen activator). tPA
administered within 4.5 h of symptom onset is
the standard of care for ischemic stroke [6, 7].
tPA is a thrombolytic drug used to reopen
occluded vessels by directly breaking up blood
clots [8]. Contraindications to the use of tPA
include intracerebral hemorrhage, clinical pre-
sentation of subarachnoid hemorrhage even in
the setting of a negative head CT, known intracra-
nial aneurysm or arteriovenous malformation
(AVM), active internal bleeding, known bleeding
diathesis, serious head trauma, stroke or internal
surgery within the last 3 months, or blood pres-
sure that cannot be controlled (SBP >185 or DBP
>110) [8]. A noncontrast head CT is necessary to
rule out hemorrhagic infarct prior to the adminis-
tration of intravenous tPA.

Examination of the patient includes neuro-
logic assessment utilizing the NIH Stroke Score
(NIHSS). This examination helps to localize the
lesion and quantitates the severity of the stroke.
This is important because an NIHSS greater than
eight is a strong predictor for large vessel occlu-
sion. Large vessel occlusion refers to occlusion
of the internal carotid artery, proximal segment
of the middle cerebral artery, or basilar artery.
Reopening of large vessel occlusion has been less
effective with IV tPA treatment alone and is asso-
ciated with poor clinical outcomes [9].

Recent prospective randomized trials have
demonstrated improved outcomes in ischemic
stroke due to large vessel occlusion when utiliz-
ing mechanical clot retrieval (thrombectomy)
[10]. This technique uses aspiration micro cathe-
ters or retrievable stents placed directly into the
occluded vessel to remove the clot. This tech-
nique requires neuroendovascular capability
(neurointerventional trained physician and a neu-
roendovascular  interventional  angiography
suite). These studies also required a noninvasive
test confirming large vessel occlusion prior to
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thrombectomy. CT angiogram (CTA) has been
the choice study to confirm large vessel occlu-
sion. At our institution, we also utilize CT perfu-
sion scans obtained simultaneously with the CTA
to determine the amount of penumbra tissue that
can be salvaged. Thrombectomy can be per-
formed together with the administration of IV
tPA or as a stand-alone procedure for patients
who do not qualify for IV tPA. Thrombectomy
has to be started within 6 h from the last time
seen normal.

Patients who awaken with stroke symptoms
are generally out of the time windows for IV tPA
or thrombectomy treatments. These patients
comprise 25% of ischemic strokes. There is
growing evidence for positive outcomes in the
setting of wake up strokes, and these patients
may still benefit from thrombectomy provided
the CT perfusion scan demonstrates an infarct
volume less than 70 cc and a reasonable volume
of salvageable penumbra [11]. Other studies uti-
lized in assessing ischemic stroke include brain
MRI perfusion imaging and MRA studies of the
cervical carotid arteries and intracranial circula-
tion. These studies are generally not as useful in
the setting of acute stroke management due to
limited accessibility and time required to obtain
the studies.

Management of a patient who has had a TTIA
or stroke following their acute management and
treatment involves the evaluation for an underly-
ing cause. Cervical carotid arteries are evaluated
by duplex ultrasound, CTA, or MRA looking for
atherosclerosis and any blockage that could have
been the source of the clot. If this is not found,
other sources including the heart may be studied
to determine if the patient has a clot inside the
heart that could be the source, as can occur with
atrial fibrillation. A medical evaluation for an
underlying hypercoagulable disorder is also
appropriate, especially in the younger stroke
patient. In about 41% of ischemic stroke, no
underlying cause will be identified [12].

Long-term management of ischemic stroke is
aimed at modifying vascular risk factors through
diet, lifestyle modification, exercise, medica-
tions, and surgery. This includes weight reduc-
tion, tobacco cessation and management of

hypertension, hypercholesterolemia, and diabe-
tes. Patients can also benefit from antiplatelet
medications. Patients with atrial fibrillation can
benefit from anticoagulation therapy. Carotid
endarterectomy (CEA) is indicated for symptom-
atic carotid stenosis greater than 50% and in
asymptomatic male patients with carotid stenosis
greater than 70 % [13].

Pathophysiology, Evaluation,
and Management of Spontaneous
Intracerebral Hemorrhagic Stroke

Hemorrhagic stroke is the result of damage to
brain tissue resulting from hemorrhage directly
into the brain tissue. Although it is thought that
the primary etiology of hemorrhagic stroke is
hypertension, this is still controversial.
Hemorrhagic stroke is the second most common
form of stroke accounting for 15-30% of all
strokes, but it is associated with a much higher
mortality rate compared to ischemic stroke. The
actual volume of the hematoma correlates with
morbidity and mortality.

Risk factors associated with hemorrhagic
stroke including increasing incidence after the
age of 55 years and doubling with each decade
until age greater than 80 years where the inci-
dence is 25 times that of the previous decade.
Hemorrhagic stroke is more common in males.
History of previous CVA of any type increases
the risk of hemorrhagic stroke 23:1. Acute and
chronic alcohol consumption increases the risk of
hemorrhagic stroke. Street drugs such as cocaine,
amphetamines, and phencyclidine are associated
with increased risk of hemorrhagic infarct.

Eighty to ninety percent of hemorrhagic
infarcts are located in the basal ganglia, putamen,
thalamus, cerebellum, or brainstem. Only
10-20 % of hemorrhagic infarcts are located in
the cerebral white matter. Hemorrhagic infarc-
tion involving cerebral white matter is thought to
be related to amyloid angiopathy, direct exten-
sion from deeper hemorrhage, hemorrhagic con-
version of previous ischemic infarction, or an
underlying vascular malformation such as an
AVM, aneurysm, or cavernous malformation.
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Patients presenting with hemorrhagic stroke
typically have a history of smooth progressive
onset of symptoms over minutes to hours often
accompanied by severe headaches, vomiting, and
alterations in level of consciousness. During the
initial evaluation, it is important to gather infor-
mation regarding a history of hypertension, drug
use particularly amphetamines and cocaine, use
of nasal decongestants or appetite suppressants
and anticoagulants, antiplatelet medications,
alcohol abuse, coagulopathies, previous stroke,
history of vascular malformations, history of
tumors, and history of recent childbirth particu-
larly if eclampsia preeclampsia was involved.
Although noncontrast head CT will make a defin-
itive diagnosis of intracerebral hemorrhage for
patients greater than 45 years of age with preex-
isting hypertension and hemorrhage in the thala-
mus putamen and posterior fossa, patients outside
of these criteria should undergo a cerebral vascu-
lar study such as a CT angiogram, MRA, or cath-
eter angiogram to rule out an underlying lesion
such as an AVM.

Initial management of hemorrhagic stroke
involves primarily medical treatment. The patient
should be admitted to the intensive care unit and
intubated if their level of consciousness compro-
mises airway protection or if needed for intracra-
nial pressure management. Both physiologic and
drug-induced coagulopathies should be reversed
if possible. Patients should have strict blood pres-
sure control with the target systolic blood pres-
sure less than 140 and a diastolic blood pressure
less than 90. In our practice we also obtain a
delayed noncontrast head CT 6-12 h after the ini-
tial scan to determine clot stability. It has been
demonstrated that approximately one third of
hemorrhagic strokes will increase in volume
within the first 3 h of onset. If clot volume leads
to increased intracranial pressures, critical care
specialists should be involved for elevated intra-
cranial pressure management.

To date there have been no randomized pro-
spective trials that have demonstrated the advan-
tage of surgical evacuation over the best medical
management. It is however widely accepted that
posterior fossa hemorrhagic infarcts require sur-
gical evacuation in patients who are considered

surgical candidates. This is almost always in the
setting of mass effect on the brainstem or obstruc-
tive hydrocephalus. There is one large prospec-
tive randomized trial that trended toward better
outcomes with surgical evacuation of hematomas
that came within 1 cm of the cortical surface [14].
The decision to operate on hemorrhagic stroke
must be individualized based on patient’s neuro-
logic condition, size and location of hematoma,
patient’s age, and the patient’s and family’s
wishes concerning heroic measures in the face of
catastrophic illness.

Cerebrovascular Lesions Causing
Intracranial Hemorrhage

It is beyond our scope to describe in detail other
less common causes of intracranial hemorrhage.
Below, other known cerebrovascular etiologies of
intracranial hemorrhage are summarized briefly.

Aneurysmal Subarachnoid
Hemorrhage (SAH)
The most common cause of subarachnoid hemor-
rhage is trauma. The most common cause of
spontaneous subarachnoid hemorrhage is a rup-
tured intracranial aneurysm accounting for
75-80% of spontaneous subarachnoid hemor-
rhage. Patients presenting with acute subarach-
noid hemorrhage from ruptured aneurysm will
present with sudden onset of worst headache of
life accompanied by meningismus and photopho-
bia. Often patients will have associated nausea
vomiting and decreased level of consciousness.
Initial evaluation of a patient with suspected
aneurysmal subarachnoid hemorrhage involves
a noncontrast head CT. If there is no evidence
of acute hemorrhage, a lumbar puncture should
be performed. The key result from the lumbar
puncture is xanthochromia of the supernatant.
Elevated red blood cell counts that do not
decrease from the first to the last collection
tubes may suggest subarachnoid hemorrhage
but can also be seen in traumatic lumbar punc-
tures. CT angiogram may also be useful in
identifying an aneurysm. Once a subarachnoid
hemorrhage is confirmed or suspicion is high
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enough, a catheter angiogram is required for
definitive diagnosis. Because of the high mor-
tality associated with rebleeding (15-20 % first
2 weeks) of a ruptured aneurysm, early treat-
ment within the first 24 h of presentation is rec-
ommended. Treatment options include surgical
clipping and no interventional embolization.
Treatment of aneurysmal subcutaneous arach-
noid hemorrhage should always involve
neurosurgeons, neurointensivists, and neuroin-
terventionalists. ~Subarachnoid hemorrhage
from aneurysmal rupture carries a grave prog-
nosis with 15% of patients expiring before
reaching medical care. Overall mortality is
approximately 45 % with approximately 30 %
of survivors having moderate to severe disabili-
ties [15].

Arteriovenous Malformations (AVM)

An arteriovenous malformation is an abnormal
tangle of blood vessels that can form in the brain
or spinal cord during development. This form of
cerebrovascular disease is considered congenital,
meaning that they are present at birth. Most do
not present clinically until childhood or early
adulthood. An AVM is generally comprised of
arteries that carry blood into a “nidus” of tangled,
abnormal blood vessels that then drain directly to
a vein. Because of the high flow of blood into the
abnormal bed of vessels, many of them are prone
to rupture and bleeding.

The symptoms associated with an AVM vary
considerably from patient to patient depending
on the location of the malformation, its size, and
whether it bleeds or not. Some patients can pres-
ent with seizures. Others present with focal neu-
rological deficits such as weakness, for example,
if it is located in the motor part of the brain. Not
infrequently, an AVM can rupture and bleed.
Frequency of arteriovenous malformation hem-
orrhage is thought to be 2—4 % per year [16].
Bleeding is typically into the brain tissue itself
but can also bleed into the subarachnoid space
around the brain or into the ventricles, the fluid-
filled spaces within the brain. Depending on the
severity of bleeding, symptoms can include sud-
den headache, seizures, or other neurological
deficits that vary depending on the location of the

hemorrhage. Very severe bleeds or bleeding into
the brainstem can lead to a depressed level of
consciousness, coma, or death.

When a patient presents with symptoms sug-
gestive of an arteriovenous malformation, fol-
lowing a neurological exam, an imaging study
such as a CT scan or MRI scan is often per-
formed. MRI can show the abnormal tangle of
blood vessels in many cases. CT is good for dem-
onstrating any bleeding that may have occurred.
However, the best study to detect an AVM is a
catheter cerebral angiogram.

Treatment for arteriovenous malformation
varies depending on several factors. Generally,
symptomatic patients with an AVM in a surgi-
cally accessible region of the brain will be rec-
ommended to have surgery. In some cases,
endovascular techniques are used to occlude
some of the AVM from within the vessels prior to
surgery. This type of treatment is generally not
curative and requires surgery for stereotactic
radiosurgery. The goal of surgery is to completely
remove the abnormal blood vessels while pre-
serving the normal brain and normal blood ves-
sels in the area.

Stereotactic radiation therapy is also used to
treat surgically non-accessible arteriovenous
malformations. This treatment option requires
that the nidus of the AVM be less than 3 cm. Over
the subsequent years, the malformation will
slowly involute and become occluded; however,
patients are still at risk of hemorrhage during this
time until the arteriovenous malformation has
occluded. The treatment plan for AVM cannot be
generalized as there are several variables that
may make one option or a combination of treat-
ment options better for an individual patient.

Cavernous Malformation (Cavernoma)

A cavernous malformation, also known as a cav-
ernous angioma or cavernoma, is an abnormal
collection of blood vessels in the brain. It consists
of multiple, small dilated sacs which resemble
blood vessels but do not have a direct connection
with other blood vessels. The appearance on MRI
imaging has been described as resembling a mul-
berry. Cavernous malformations can rupture,
leading to bleeding into the adjacent brain.
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Generally, this bleeding tends to be small to
moderate as compared to the large amount of
bleeding that can be seen from an arteriovenous
malformation. A cavernous malformation may
increase in size over time, often with evidence of
leakage of blood products at multiple times in the
past at the time of presentation.

Bleeding or leakage of blood produced from
a cavernoma can be silent or symptomatic. With
bleeding, neurological symptoms related to the
location of the cavernoma can occur. These
vary considerably depending on what part of
the brain the malformation effects. A caver-
noma in the brainstem can be much more dan-
gerous than a small peripheral lesion in less
important parts of the brain. As the malforma-
tion enlarges and irritates the brain around it,
particularly if there have been episodes of
bleeding in the past, seizures or progressive
neurological dysfunction can occur. Again,
these vary depending on the location of the
lesion. Headaches are nonspecific symptoms
that can occur in some patients.

If a patient presents with neurological symp-
toms, they typically undergo some form of
imaging study after a neurological examination.
A CT scan or MRI scan can generally detect
these lesions and show evidence of bleeding if
any has occurred. Cavernous malformations
have a quite characteristic appearance on MRI
imaging, and thus the diagnosis can often be
made with a high degree of accuracy.
Occasionally, asymptomatic cavernomas can be
discovered on a CT or MRI scan incidentally, if
the patient gets these tests for another reason.
Interestingly, cavernomas, despite being of
blood vessel origin, are not visible on cerebral
angiograms, unlike most other cerebrovascular
malformations such as cerebral aneurysms or
arteriovenous malformations.

Treatment varies depending on location,
symptoms, and size of these malformations. For
some patients, they are simply watched and only
treated at a later date if symptoms become pro-
gressively severe. In those that decide on treat-
ment, surgical removal of the malformation is
generally curative. These are not tumors so if
removed completely they do not generally recur.

Brain Tumors
Introduction

Neurosurgical treatment of brain tumors has been
revolutionized over the past several decades.
Advances in radiological diagnosis, surgical and
neuroanesthetic ~ management, perioperative
pharmacology, and aggressive rehabilitation have
rendered what in the past was a dreaded proce-
dure associated with high morbidity into an often
very smooth, uneventful intervention in many
cases. Unfortunately, the overall prognosis for
long-term survival remains poor for malignant
primary brain tumors, despite significant
advances in adjuvant treatment that are showing
great promise. From the standpoint of a physiat-
rist caring for brain tumor patients, patients who
recover uneventfully from routine brain tumor
surgery may only require physical therapy assis-
tance with their early mobilization. Many patients
are able to be discharged safely to home as early
as a day or two following some of these surgeries
in the modern practice of neurosurgery. Other
patients may have significant neurological defi-
cits or functional impairment requiring prolonged
multimodality inpatient rehabilitation.

Advances in Operative Technique
and Treatment Options

The advent of the neurosurgical microscope,
which came into widespread practical use in the
1960s, is one of the key technical advances lead-
ing to improved outcome from intracranial neu-
rosurgery. In the last two decades, there has been
an explosion in the field of “surgical navigation.”
Surgical navigation systems integrate digitized
instruments with advanced imaging modalities
and computers. This allows mapping of tumors
preoperatively and accurate intraoperative local-
ization. Real-time intraoperative CT and MRI
also are utilized in some centers.

Advanced anesthetic and electrophysiological
techniques, often in combination with surgical
navigation, allow identification and protection of
critical brain areas during surgery near eloquent
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areas of the brain, for example, those involving
motor or language areas. For the mapping and
protection of critical language areas in the brain,
patients can be operated upon while awake with-
out discomfort. Specialized endoscopes are also
increasingly utilized in the resection of neo-
plasms involving the ventricular system and CSF
pathways. In certain cases of tumor-associated
obstructive hydrocephalus, these endoscopes can
be used to bypass the site of obstruction, obviat-
ing the need for indwelling shunts that may be
prone to infection or malfunction. In some cases,
tumors can be resected endoscopically through a
simple burr hole rather than requiring an open
craniotomy. These technologies and others have
dramatically enhanced the accuracy of brain
tumor surgery, enabling surgeons to be at the
same time more aggressive in pursuing complete
resections while minimizing the invasiveness and
improving the safety of such surgery.

The modern neurosurgical armamentarium
allows accurate diagnosis and aggressive resec-
tion of many intracranial tumors, pursuing a sur-
gical cure for certain tumors, and therapeutically
beneficial debulking for others. While some
tumors remain “inoperable,” the definition of this
term clearly has shifted in the last several decades
as these technologies have been introduced and
exploited to optimize multimodality manage-
ment of intracranial neoplasms.

Treatment options have also expanded for
tumors that are not primarily amenable to resec-
tion. The combined expertise of neurosurgeons,
radiation oncologists, and radiation physicists
has led to another explosion in the therapeutic
options for brain tumors known as stereotactic
radiosurgery. This term refers to several different
technologies designed to deliver tumoricidal
doses of radiation in very brief discrete treat-
ments while minimizing radiation exposure to
normal brain structures. These treatments are
called “radiosurgery” to differentiate them from
standard radiation therapy typically involving
broader treatment fields, lower radiation doses,
and longer courses of treatment.

Radiosurgery (e.g., the Gamma Knife or
Cyberknife) is conceptually more like a surgical
intervention and is generally done in a collaborative

fashion involving neurosurgery and radiation oncol-
ogy. These technologies are based on the concept of
using multiple extremely focal beams of radiation
delivered along varied pathways such that the radia-
tion exposure to normal brain structures along any
single pathway through the brain is quite small, but
the beams coalesce in a tightly delineated highly
“conformal” manner to deliver large radiation dos-
ages to the target while sparing adjoining brain
structures.

Stereotactic radiosurgery is a very important
treatment especially for smaller or deep-seated
tumors that are relatively inaccessible to open
surgery. It is used extensively for small solitary or
multiple brain metastases, meningiomas in surgi-
cally inaccessible locations, vestibular schwan-
nomas (a.k.a acoustic neuromas), and a variety of
other intracranial neoplasms. Its role is more lim-
ited for malignant gliomas. It may also be used as
an adjuvant to open surgery for residual or recur-
rent disease. Since it is fully noninvasive and
does not require anesthesia, it is an important
treatment option for elderly patients or patients
with significant medical comorbidities that
increase the relative risks of open surgery.

The goal of the modern brain tumor surgeon is
to utilize all of these tools in a rational manner
that takes into account the nature and location of
the tumor, as well as the underlying health and
age of the patient, to optimize a treatment strat-
egy to diagnose and treat the tumor while avoid-
ing any neurological complications or functional
impairment. Preoperative neurologic function is
an important predictor of postoperative func-
tional outcome. In essence, we try to ensure that
the patient comes through surgery requiring the
least amount of therapy and rehabilitation as is
possible. Of course that goal is impossible to
achieve in all cases.

Depending on the age, vigor, and underlying
health of the patient, the location of the neoplasm
and the aggressiveness of resection needed or
pursued, and the skill and experience of the sur-
geon and his or her team, a range of neurologic
and functional outcomes occur following intra-
cranial tumor surgery. Expected neurological
deficits or unanticipated complications may
necessitate significant assistance from the various
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experts in the fields of physiatry, physical and
occupational therapy, speech and cognitive/
behavioral therapy, psychiatry, neuropsychology,
and related fields. Prevention of delayed compli-
cations from intracranial tumor surgery can
depend very importantly on the care rendered by
treating physiatrists. A practical working knowl-
edge of the postoperative management goals,
strategies, and pitfalls of post-op care of these
patients and of the issues specific to certain
tumors and procedures is of importance.

Intracranial Tumor Types
and Treatment Considerations

Any standard neurosurgical textbook lists the
numerous types of tumors that occur intracrani-
ally. From a physiatry standpoint, it is helpful to
understand different categories or types of tumors
that affect the treatment goals and perioperative
issues. Broadly speaking, intracranial tumors
may be intrinsic or intraaxial, i.e., arising from
within the brain parenchyma, or extraaxial. An
important example of the extraaxial tumors is
meningiomas, typically arising from the menin-
geal linings of the calvarium. Extraaxial lesions
may invade the brain to varying degrees as they
grow away from the relatively noncompliant
cranium.

Common intraaxial tumors include gliomas
which may be low grade and slow growing or
high grade and rapidly progressive. Most gliomas
cannot be cured surgically due to their infiltrative
nature. Aggressive surgical resection of low
grade gliomas has been shown to result in long-
term remission in many cases and improved
functional survival [17]. Aggressive surgical deb-
ulking of malignant gliomas and glioblastoma
also improves quality of life and survival [18].

In recent years, the advent of multifaceted
molecular and chromosomal analysis has allowed
the development of more sophisticated and tar-
geted adjuvant therapy. Surgical resection of
tumors provides adequate pathological material
to facilitate these more sophisticated therapeutic
approaches. Stereotactic needle biopsy alone
may not be sufficient for the tissue analysis

required to optimize adjuvant therapies. For
intrinsic or glial neoplasms, tumor location and
pattern of growth are the key factors that deter-
mine resectability. Factors that favor resection
include younger age of the patient, large size,
superficial or accessible location, a relatively
well-circumscribed growth pattern, and edema or
mass effect on surrounding  structures.
Counterintuitively, relatively benign tumors may
be the brain tumors whose resection actually
offers the most benefit relative to the more malig-
nant gliomas. Tumors that are deep seated, are
situated in eloquent brain areas, or demonstrate a
diffuse, poorly circumscribed, or multilobar pat-
tern of growth at presentation are less likely to be
beneficially resected.

Accessible solitary or large symptomatic brain
metastases from systemic cancers are often
excised surgically as well. Stereotactic radiosur-
gery plays a very important role in the manage-
ment of brain metastases, either as a primary
treatment for single or multiple small or surgi-
cally inaccessible metastases or as adjuvant treat-
ment to the bed of a surgically resected metastasis
to lessen likelihood of local recurrence. Whole-
brain radiation therapy (WBRT) historically was
the primary treatment for brain metastases, prior
to data showing that outcomes may be improved
by aggressive surgical or “radiosurgical” man-
agement of solitary or relatively small numbers
of brain metastases [19-21].

For appropriately selected patients, these
strategies may help cancer patients avoid some of
the long-term cognitive and memory impairment
that may occur in some patients as a delayed
complication of whole-brain radiation. Whole-
brain RT continues to play an important role for
patients with very numerous metastases and may
help control recurrence from microscopic dis-
ease. It may also remain the treatment of choice
for highly radio-sensitive tumors, for example,
small cell lung carcinoma. The decision whether
to use local therapies alone such as surgery or
radiosurgery or to add adjuvant WBRT is a com-
plex one factoring in the extent and aggressive-
ness of systemic disease, tumor biology, patient
functional status, neurologic condition, and
patient preferences.
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Surgical treatment of extraaxial neoplasms
involves generally similar surgical principles to
the intrinsic brain neoplasms but varies in some
of its achievable goals and technical consider-
ations. Many meningiomas can be surgically
cured, especially if it is technically feasible to
excise not only the main bulk of the tumor but
also a broad enough margin of dura mater sur-
rounding the site of tumor origin and dural attach-
ment. When possible, the dural site of origin is
completely excised and replaced with an auto-
graft, allograft, or synthetic patch with an attempt
to achieve relatively watertight closure to avoid
postoperative cerebrospinal fluid leakage.

Typically meningiomas are benign and slow
growing. Incidentally noted or asymptomatic
meningiomas may thus often be followed with
periodic radiographic surveillance and only
treated if they are observed to grow or become
symptomatic. A small percentage of meningio-
mas may demonstrate atypical or even malignant
phenotype, with an increased likelihood of invad-
ing adjoining structures, growing rapidly, and
recurring following surgical resection. Some
advocate empiric postsurgical treatment of
resected meningiomas of aggressive subtype
with radiation therapy or radiosurgery to the area
of tumor resection.

It is worthwhile for allied medical specialists
involved in the treatment of brain tumor patients
to have a working knowledge of a few specific
intracranial tumor types and locations that require
special attention in the perioperative period. In
general, both supratentorial and infratentorial
tumors can be operated on with a good margin of
safety, although there are some considerations
specific to surgery in the posterior fossa. Due to
the closed or contained nature of the intracranial
compartment, intracranial masses such as tumors
or hemorrhages tend to increase intracranial
pressure.

The posterior fossa has a tendency to act as an
even more critically enclosed space, containing
vital brainstem structures within a smaller intra-
cranial compartment constrained by the tento-
rium. Tumors and tumor-induced brain edema
tend to become highly symptomatic in the poste-
rior fossa, inducing nausea, vomiting, and gait

ataxia that can progress quickly to life-threatening
brainstem compression. Relative to supratento-
rial tumors, postradiation or radiosurgically
induced edema may not be tolerated. It may be
preferable to surgically excise tumors in this
location if they have mass effect. Masses or post-
operative edema can obstruct the fourth ventricle
and cause acute hydrocephalus. All these factors
may necessitate more aggressive management of
these patients with antiemetic agents and ste-
roids, with slower tapering of postoperative ste-
roid dosages.

Neurosurgeons also draw an important dis-
tinction between tumors whose operative expo-
sure is achieved via conventional exposures
through the cranial vault and those involving the
skull base, i.e., situated such that extensive or
complex dissection or drilling of the skull base is
required to access them. A host of varied patholo-
gies may involve these areas, including meningi-
omas, pituitary adenomas, chordomas, dermoid
and epidermoid cysts, vestibular and other cra-
nial nerve schwannomas, glomus jugulare
tumors, sarcomas, and metastases. Relative to
many tumors arising near the skull base, pituitary
adenomas are relatively accessible via open or
endoscopic approaches via the nasal passages
and sphenoid sinus, a.k.a. transsphenoidal
approaches, and have been addressed via varia-
tions of that route for many years.

Skull-base surgery is a recognized discipline
within the field of neurosurgery, sometimes
involving allied specialties, e.g., otolaryngology,
ophthalmology, or plastic surgery, with fellow-
ships dedicated to developing expertise in this
challenging area. These surgeries may be
extremely prolonged and entail a higher risk of
postoperative complications and morbidity.
Potential special issues in this patient population
are the risks of cranial neuropathies, including
very problematic lower cranial dysfunction
sometimes requiring PEG tubes or tracheosto-
mies, risk of pituitary or hypothalamic dysfunc-
tion, as well as a higher likelihood of postoperative
CSF leakage, which may present as rhinorrhea or
otorrhea.

Technical advances in endoscopic neurosur-
gery are having a significant impact in this field,
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allowing some lesions that were previously
accessible only via highly destructive or exten-
sive approaches to be addressed with less inva-
siveness and morbidity. Even more revolutionary
is the widespread and very successful application
of stereotactic radiosurgery to the treatment of
pathology of the skull base. Many patients who in
the past would have required an extremely formi-
dable skull-base surgery for fairly common prob-
lems such as vestibular schwannoma (acoustic
neuroma) or meningioma of the cavernous sinus
or parasellar region are now treated noninva-
sively with stereotactic radiosurgery and often
achieve cure or at least long-term satisfactory
“biological control” (arrest of tumor progression)
with this treatment modality.

In the modern practice of neurosurgery, many
patients requiring more routine craniotomy may
need little assistance from physiatry as their recu-
peration from this surgery may often be very
uneventful. However, patients requiring ‘“‘skull-
base approaches” still pose a formidable techni-
cal challenge for neurosurgery, and these patients
may yet require more prolonged and intensive
postoperative care and rehabilitation.

As in any surgical field, there are also special
challenges that arise for the neurosurgeon in
patients who require reoperation in the same area
as the previous surgery. This situation often arises
in patients with recurrence of a glioma, metasta-
sis, or meningioma. In the case of the malignant
gliomas, recurrence near the original treatment
site usually occurs at some point in the course of
the illness, and reoperation is frequently consid-
ered as an option. Frequently these patients may
have received chemotherapy and/or radiation,
and some may be systemically challenged by
side effects of chemotherapy drugs or systemic
illness in the case of brain metastasis patients.
The scalp in these situations may be thin, atro-
phic, and avascular and heal poorly. Risk of
wound healing problems and wound infection is
higher in this situation. Meticulous wound care is
of particular importance for these patients, and
often sutures or staples may be left in place sig-
nificantly longer than is customary for the pri-
mary surgery. Collaboration with plastic surgery
colleagues can be helpful, and physiatrists and

health-care professionals should coordinate
wound care for these patients closely with the
operating surgery team.

Postoperative Management of Brain
Tumor Patients

As noted above, the postoperative management
of many patients requiring neurosurgery for a
brain tumor need not be complicated. Generally
early mobilization of patients is advisable. We
observe most patients one night in an ICU setting
unless they have specific issues requiring a lon-
ger stay. Patients who awaken from surgery with
unexpected neurologic deficits undergo urgent
CT scan. Postoperative MRI scans with and with-
out contrast are generally obtained routinely
postoperative day one to assess extent of tumor
resection and rule out residual tumor in patients
harboring malignant pathology or intrinsic neo-
plasms. These images are an important baseline
for guiding future treatment. Surgical staples are
often used to close craniotomy incisions and do
not contraindicate postoperative MRI, i.e., they
are MRI compatible.

In patients who recover uneventfully, diet is
advanced, catheters and lines are removed, and
the patient is mobilized out of bed on the morn-
ing following surgery. Deep venous thrombosis
prophylaxis is used intraoperatively (compres-
sion stockings) and mini-dose heparin or equiv-
alent DVT prophylaxis begun in most patients
on the first postoperative day. Careful blood
pressure management is observed especially in
the first 24 h following surgery. Normotensive
blood pressure is typically the goal. Patients
with hypertension may predispose to postopera-
tive brain hemorrhage and those with hypoten-

sion to ischemic complications. Fluid
management is typically directed at keeping the
patient euvolemic with isotonic fluids.

Hypotonic fluids are avoided so as not to exac-
erbate cerebral edema. Careful monitoring of
electrolytes is important, with particular atten-
tion to derangements of sodium metabolism that
can occur in craniotomy patients, for example,
cerebral salt wasting or SIADH.
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Most brain tumor patients will be on dexa-
methasone to control perioperative cerebral
edema, which is typically tapered following sur-
gery. The numerous side effects of steroids
include hyperglycemia, hypertension, sodium
and water retention, agitation including steroid
psychosis, gastritis and peptic ulcers, and avascu-
lar necrosis of the hip. Prolonged usage induces
iatrogenic Cushing’s syndrome with symptoms
including obesity and hirsutism. The guiding
principle of steroid management is to taper the
patient as quickly as possible to the lowest dose
that keeps them free of symptoms of cerebral
edema such as headache, nausea, and focal neu-
rologic symptoms that reverse at higher doses.
Patient requirements for steroids may fluctuate,
and higher doses are often needed following radi-
ation therapy or adjuvant radiosurgical treatment.
More aggressive dosing of steroids and slower
tapers are used in patients presenting preopera-
tively with more marked edema radiographically
or more symptoms of elevated intracranial pres-
sure. For extraaxial tumors such as meningiomas,
steroids are fully tapered. Patients being treated
for malignant intrinsic neoplasms may need to be
maintained on steroids from the postoperative
period through postoperative radiation therapy
depending on the extent of edema present.

Seizures are present in about 20-40% of
patients by the time their tumor is diagnosed.
Patients with a history of seizure should be
maintained on anticonvulsants perioperatively. If
surgical treatment ultimately results in resolu-
tion of perilesional edema, these patients may be
considered for weaning off of anticonvulsants
electively in a delayed fashion under neurologi-
cal supervision. Prophylactic anticonvulsants are
not currently used routinely for newly diagnosed
brain tumors [22]. In patients undergoing crani-
otomy for supratentorial tumors, prophylactic
anticonvulsants are typically used periopera-
tively but may be tapered starting a week after
surgery. Seizures are rare after posterior fossa
surgery.

Postoperative craniotomy wound manage-
ment seems to vary based on the preferences and
practices of various surgeons and may vary
depending on the type of closure utilized, i.e.,

staples, sutures, or tissue glues or sealants.
Typically head wraps or bandages are removed
between 24 and 48 h postoperatively. While some
surgeons and institutions prefer to maintain the
incisions dry until removal of clips or sutures,
many others prefer a head washing protocol with
a mild shampoo starting 48—72 h postoperatively.
In our institution, we prefer to maintain good
scalp hygiene with the latter protocol, which is
supported in the literature [23].

If caring for a craniotomy patient in a reha-
bilitation facility, the best practice is probably
to ensure the facility is familiar with the prefer-
ences of the operating surgeon. If there is any
concern regarding possible infection raised by
erythema, swelling, drainage, or wound separa-
tion, it is imperative to alert the surgeon prior to
instituting therapy, for example, with antibiot-
ics. Empiric antibiotics prior to evaluation by
their surgical team may ultimately limit the
opportunity to obtain cultures permitting proper
identification of causative organisms and
thereby adversely affect the ability to target
specific antimicrobial therapy. Prompt recogni-
tion and therapy for any infectious issue per-
taining to a craniotomy wound is imperative. A
minor stitch abscess dealt with promptly may
minimally harm a patient’s recovery and prog-
nosis. However, if infection progresses to
involve osteomyelitis of the bone flap requiring
its surgical removal or a brain abscess, the con-
sequences may be very significant and also may
greatly delay the ability to offer needed adju-
vant treatment such as chemotherapy or
radiation.

Occasionally there may be significant accu-
mulations of fluid postoperatively in the subga-
leal compartment. These are often self-limited
but may persist for weeks after surgery. In some
cases surgeons may choose to aspirate these col-
lections with or without the subsequent place-
ment of a head wrap dressing to limit
re-accumulation of the fluid. In general, it is very
beneficial for physiatrists caring for post-
craniotomy patients to coordinate wound care
and evaluation closely and in a timely manner
with the surgical team that has performed the ini-
tial surgery.
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Evaluation of a post-craniotomy patient who
deteriorates neurologically must proceed in a
systematic and logical fashion. Often the cause
may prove to be systemic or metabolic, such as a
derangement of sodium metabolism, hypoxemia,
or hypercarbia, for example, related to pulmo-
nary embolism or intercurrent or postoperative
pneumonia, or sepsis, for example, from a post-
operative urinary tract infection. Primary infec-
tion of the craniotomy site or brain abscess is also
a concern. Drug toxicity, e.g., anticonvulsant or
pain medication overdose, is also possible.
Patients with underlying CNS pathology such as
brain tumor may be more sensitive to narcotics
than might be expected otherwise.

Another common cause of worsening in a
patient previously recuperating well may be a
decrease in postoperative steroid dose that is too
rapid for the degree of residual symptomatic
edema. Delayed hemorrhage related to the crani-
otomy may occur, either intraparenchymal, sub-
dural, or epidural. Obstructive or communicating
hydrocephalus is also possible. Seizures, either
observed or unobserved with subsequent lethargy
or focal deficit (Todd’s paralysis), may occur.
Subclinical seizure or epilepsia partialis continua
may be a cause of unexplained obtundation.
Vascular complications such as ischemia, stroke,
or venous thrombosis may occur in postoperative
craniotomy patients.

Appropriate evaluation to elucidate the under-
lying cause should consist of careful clinical
observation and documentation of the patient’s
neurologic exam, with careful consideration of
the time course of symptom evolution. Blood
work to evaluate for metabolic derangement,
drug toxicity, and sepsis is important. Timely
imaging with CT scan to assess for intraaxial or
extraaxial hemorrhage, hydrocephalus, and pneu-
mocephalus can be very helpful. MRI may be
less practical as an initial evaluation but will
more clearly show cerebral edema, ischemia, or
stroke. Again, it is crucial for the physiatry team
caring for a post-craniotomy patient who is wors-
ening to have close communication with the sur-
gical team who, having done the surgery, will
best understand the specific risks and concerns
for that particular patient.

The physiatric and rehabilitative component
of a brain tumor patient’s care is of great impor-
tance and underscores the critical nature of a
team approach to the care of brain tumor patients.
In the author’s opinion, it is essential that, barring
geographical obstacles, any patient currently
diagnosed with a brain tumor must be treated in a
center that offers a coordinated multispecialty
approach to brain tumor treatment, whether in the
community or academic setting. At a minimum,
this requires collaborative input from specialists
in neurosurgery, neurooncology, radiation oncol-
ogy, neuroradiology, neuropathology, and phys-
iatry. Physiatrists can play a crucial and important
role not only in helping patients optimize recov-
ery and community reintegration following surgi-
cal treatment for brain neoplasms but in helping
to ensure that patients and their families have
access to support services and especially to the
key nonsurgical specialists, especially neuroon-
cology and radiation oncology, in a timely fash-
ion during their rehabilitation or after discharge
from a rehabilitation facility.

Adult Cranial Neurosurgery:
Developmental Disorders
and Hydrocephalus

Many developmental syndromes and disorders
exist in the realm of neurosurgery, ranging from
craniofacial disorders to spina bifida. However,
the following text is restricted to adult develop-
mental issues and their presentation as well as
treatments. Much of the following material can
be found in Greenberg’s Handbook of
Neurosurgery, and if more information is desired
on any of these topics, that text is an excellent
source.

One of the most common neurosurgical devel-
opmental syndromes diagnosed in the adult age
group is Chiari 1 malformation [24]. This must
be distinguished from Chiari 2 (or Arnold-Chiari)
malformation please see Table 6.1 [25]. Chiari 1
is a malformation of the hindbrain, resulting in
cerebrospinal fluid circulation dysfunction, usu-
ally cerebellar tonsillar ectopia, and occasionally
syringomyelia. A wide range of symptoms are
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Table 6.1 Comparisons of Chiari type 1 and 2 anomalies

Finding Chiari type 1 Chiari type 2

Caudal dislocation of the medulla Unusual Yes

Caudal dislocation into the cervical canal Tonsils Inferior vermis, medulla, fourth
ventricle

Spina bifida (myelomeningocele) May be present Rarely absent

Hydrocephalus May be absent Rarely absent

Medullary “kink” Absent Present in 55 %

Course of upper cervical nerves Usually normal Usually cephalad

Usual age of presentation Young adult Infancy

Usual presentation
headache

associated with Chiari 1, though many are con-
troversial. These include, in order of commonal-
ity, headache, neck and suboccipital discomfort,
weakness, numbness, loss of temperature sensa-
tion (often presenting with painless burns),
unsteadiness, diplopia, dysphasia, tinnitus, vom-
iting, dysarthria, dizziness, deafness, and facial
numbness [26]. Signs a practitioner may observe,
also in order of commonality, include hyperre-
flexia of the lower extremities, nystagmus, gait
disturbance, hand atrophy, upper extremity weak-
ness, “cape-like” sensory loss, cerebellar signs,
hyperreflexia of the upper extremities, lower cra-
nial nerve dysfunction, Babinski sign, lower
extremity weakness, dysesthesia, fasciculation,
and Horner’s sign [27]. It is important to distin-
guish between a simple radiographic diagnosis of
Chiari 1, low-lying cerebellar tonsils, and the
symptomatic clinical syndrome of Chiari 1. This
distinction is often first made in the neurosur-
geon’s office.

Once the diagnosis of adult Chiari is made,
treatment options include observation versus sur-
gical intervention depending on the severity of
symptoms and the presence or absence of syrin-
gomyelia. The goal of surgery is to normalize the
flow of cerebrospinal fluid around the brainstem
and cerebellum at the foramen magnum. This is
usually accomplished by performing a midline
suboccipital  craniectomy and  duraplasty.
Posterior cervical laminectomies of C1, and
occasionally C2 or lower, may be necessary to
fully expose the descended cerebellar tonsils.
Duraplasty may be performed with a dural sub-
stitute such as bovine pericardium or DuraGen or

Cervical pain, suboccipital

Progressive hydrocephalus,
respiratory distress

with autograft such as local pericranium or fascia
lata. Surgical complications include leakage from
the wound, shunt-requiring hydrocephalus, infec-
tion, aseptic meningitis, subdural hematoma, and
respiratory depression. Complication rates range
from 10 to 33% depending on the series.
Substantive and lasting improvement is generally
in the 80-90 % range [28-30].

Clearly Chiari 1 malformation is a complex
syndrome with still poorly understood patho-
physiology. The multiplicity of presenting com-
plaints, poor correlation with radiographic
findings, and high surgical complication rates
make it a formidable disease process. However,
with careful patient selection and meticulous
attention to surgical detail, Chiari 1 treatment can
be extremely gratifying.

Normal pressure hydrocephalus (NPH) is an
acquired diagnosis, usually seen in an older pop-
ulation. Similar to Chiari 1, it involves a disrup-
tion of cerebrospinal fluid flow dynamics. The
classic triad of NPH includes dementia, gait dis-
turbance, and urinary incontinence. NPH is an
important diagnosis to evaluate in the setting of
memory and cognitive impairment because it
represents a remediable form of dementia. Many
neurologic  conditions, most  commonly
Alzheimer’s dementia and Parkinson’s disease,
may present with symptoms similar to NPH. In
addition, multiple other disease states can have
similar findings please see Table 6.2 [31]. The
gait disturbance of NPH is usually the first symp-
tom to present and often manifests as short, shuf-
fling, unsteady steps. Because of the perceived
difficulty of lifting one’s feet off the floor, this
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Table 6.2 Conditions with similar presentations to NPH

Neurodegenerative disorders
Alzheimer’s disease
Parkinson’s disease

Lewy body disease
Huntington’s disease
Frontotemporal dementia
Corticobasal degeneration
Progressive supranuclear palsy
Amytrophic lateral sclerosis
Multisystem atrophy
Spongiform encephalopathy
Vascular dementia
Cerebrovascular disease
Multi-infarct dementia
Binswanger’s disease
CADASIL

Vertebrobasilar insufficiency
Other hydrocephalic disorders
Aqueductal stenosis
Arrested hydrocephalus
Long-standing overt ventriculomegaly syndrome
Non-communicating hydrocephalus
Infectious diease

Lyme disease

HIV

Syphilis

Urological disorders
Urinary tract infection
Bladder or prostate cancer
Benign prostatic hypertrophy
Miscellaneous

Vitamin B, deficiency
Collagen vascular diseases
Epilepsy

Depression

Traumatic brain injury
Spinal stenosis

Chiari malformation
Wernicke’s encephalopathy
Carcinomatous meningitis
Spinal cord tumor

gait is often described as “magnetic.” Dementia
presents with impaired memory with both brad-
yphrenia (slowness of thought) and bradykinesia
(slowness of movement). Urinary incontinence is
usually a later symptom and completely unwit-
ting by the patient.

Because NPH shares signs and symptoms
with so many disease states and has a poorly
understood pathophysiology, it is difficult to
diagnose. A good clinical history detailing the
above symptoms presenting insidiously and pro-
gressively is important. Ventriculomegaly out of
proportion to overall atrophy on CT or MR imag-
ing is also useful but not a solely diagnostic crite-
rion. A “tap test” or high-volume lumbar puncture
is often performed. Opening pressures are gener-
ally in the upper range of normal (15+4.5 cm
H,0) and 40-50 ml of CSF removed [31]. Many
centers prefer a trial of ambulatory lumbar drain-
age in which a lumbar drain is inserted and CSF
drained constantly for 3-5 days. Patients will
often experience an improvement by day three
and a slow relapse after the drain is removed.
Radionuclide cisternography and cerebral blood
flow measurement testing rarely yield helpful
diagnostic information.

Once the diagnosis is established, CSF diver-
sion is the treatment of choice. This can be per-
formed with a lumbar-peritoneal shunt or more
commonly with a ventriculoperitoneal shunt.
Generally programmable shunt valves are
employed in order to glean the most benefit from
CSF diversion without exposing the patient to
undue risk. A retrospective review of shunt inser-
tion for NPH estimated a complication rate
between 34 and 57 %, though this included long-
term follow-up inclusive of delayed shunt mal-
functions [32]. These complications included
subdural hematoma, intracerebral hematoma,
infection, seizure, and shunt malfunction.
Estimated mortality directly associated with
shunt insertion for NPH is 2 % [33].

Unlike most procedures where the risk is
directly around the time of surgery, the risk of
subdural hematoma is increased for the remain-
ing lifetime of the patient, given the shunt is in
good working order. As the usually enlarged ven-
tricles are slowly drained and shrink, the mantle
(tissue from the cortex or surface of the brain to
the ventricular wall) may not proportionally
expand. This makes the cortex more likely to sag
away from the dural lining of the skull. The sur-
face cortical veins are thus put on stretch and are
more likely to rupture, resulting in a subdural
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hematoma. Moreover, as blood collects in the
subdural space, placing pressure on the brain, the
shunt will allow the ventricular system to further
decompress, encouraging the hematoma to
expand. Despite the relatively high reported mor-
bidity and mortality rates associated with shunt
insertion for NPH, most patients, and their fami-
lies, opt for the procedure given the alternative
bleak prognosis as well as the often near com-
plete reversal of neurologic decline.

Chiari 1 and NPH represent two diagnoses rel-
evant to the care of adults with neurologic defi-
cits. They are both remediable disease processes,
at least for a given amount of time, but if missed
subject patients to a lifetime of progressive
issues. However, with proper diagnosis and treat-
ment, both Chiari 1 and NPH are extremely
responsive to neurosurgical intervention instill-
ing meaningful positive impact on lives of both
patients and their families (Tables 6.1 and 6.2).

Neurosurgical Infections
Introduction

Infections may be encountered in the field of
clinical neurosurgery under a number of circum-
stances. These include cerebral abscess, subdural
empyema, parasitic infection, viral encephalitis,
fungal infection, spinal epidural abscess, shunt
infection, and neurosurgical postoperative infec-
tion. Each entity must be diagnosed and treated
expediently to maximize the likelihood of a com-
plete recovery. After treatment in the acute care
setting, acute inpatient rehabilitation and subse-
quent outpatient rehabilitation services may be
necessary and essential. What follows is a survey
of some of the more common infections encoun-
tered in neurosurgery, along with their associated
rehabilitation considerations.

Cerebral Abscess
A cerebral abscess is typically an encapsulated

mass of purulent necrotic infected material
within the brain parenchyma. An abscess may

arise from hematogenous (through the blood)
spread or contiguous spread. Hematogenous
spread may originate in the lungs as a lung
abscess, in the heart as endocarditis or in the gas-
trointestinal system such as a pelvic infection.
These abscesses may be multiple in 10-50 % of
cases [34]. Contiguous spread may occur as a
result of sinusitis, dental infection, penetrating
trauma, or after a neurosurgical procedure.
Streptococcus is the most common organism
identified in brain abscess but the organism may
be anaerobic or even multiple [35].

Clinically, cerebral abscess may present
with a focal neurological deficit based on the
location of the lesion (i.e., aphasia or hemipa-
resis), seizure, or symptoms due to increased
intracranial pressure, such as headache, vomit-
ing, or altered mental status. Fever may not be
present, and white blood cell count may be
normal. Blood cultures are often negative and
the erythrocyte sedimentation rate can be nor-
mal as well. Diagnosis is made by neuroimag-
ing, with computed tomography (CT) used as
the initial screening test and magnetic reso-
nance imaging (MRI) used for definitive diag-
nosis (Fig. 6.1).

Treatment consists of surgical drainage and
intravenous antibiotics. Most abscesses can be
drained by stereotactic needle aspiration.
Surgical excision may be necessary in cases of
traumatic abscess with retained foreign body.
Initial antibiotic therapy is broad spectrum and
then tailored by culture results and continued
for 6-8 weeks. During acute rehabilitation,
careful monitoring is needed to assess for signs
of neurological worsening, infectious relapse,
and poor wound healing. Seizure prophylaxis
should continue in the setting of all supratento-
rial abscesses, and close follow-up with infec-
tious disease and neurosurgery is critical.
Prevention of deep venous thrombosis can be
managed with subcutaneous heparin if immobil-
ity is an issue. Nutrition, bowel and bladder
regimens, and prevention of skin breakdown
also need to be addressed in debilitated patients.
Subacute rehabilitation is important for treat-
ment of neurological deficits, which may be
present in up to 50 % of patients.
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Fig. 6.1 Axial postcontrast T1 weighted MRI demon-
strating brain abscess with typical hypotense center and
ring enhancement

Subdural Empyema

Subdural empyema is a purulent infection within
the subdural space, usually over the convexities
of the brain. These mostly occur as a result of
contiguous spread of infection of the paranasal
sinuses. Much less likely are postsurgical, trau-
matic, and hematogenous origins. Clinically, they
tend to present more acutely and fulminantly
than cerebral abscesses might, with fever, head-
ache, meningismus, weakness, and altered men-
tal status [36]. Streptococci are the most common
organisms. Once again, MRI allows for definitive
diagnosis (Fig. 6.2).

Treatment is surgical and pharmaceutical.
Burr hole drainage may be sufficient for an
early fully liquefied empyema, but craniotomy
is necessary in all other circumstances.
Antibiotics are required for at least 4-6 weeks.
The majority of patients have some degree of
neurological deficit on discharge and therefore
will  require inpatient and outpatient
rehabilitation.

Fig.6.2 Coronal postcontrast T1 weighted MRI showing
subdural empyema along the left frontal convexity with
marginal enhancement around a subdural hypodensity

Parasitic Infections

A number of parasitic infections may involve the
central nervous system (CNS) and often occur in
the setting of foreign travel or immunosuppres-
sion. Cysticercosis is the most common parasitic
infection in the CNS and is caused by the pork
tapeworm Taenia solium, endemic in Central and
South America among other regions[37]. Cysts
may develop in the brain parenchyma, subarach-
noid space, or ventricles. Patients may present
with seizures, signs of elevated intracranial pres-
sure, and focal neurological deficits. The infec-
tion may be diagnosed by serum serology and
CNS involvement by CT (which can identify a
punctate high density scolex or head) and MRI
(Fig. 6.3).

Treatment usually consists of antiparasitic
agents, antiepileptic drugs, and steroids. Surgery
is necessary only if diagnosis is in doubt, if a
large cyst with mass effect is present, or if hydro-
cephalus is present due to ventricular location
requiring shunting. Fifteen days of medical ther-
apy may suffice.

The other parasitic infection seen with some
frequency in neurosurgery is toxoplasmosis. This
is a protozoan that is clinically significant only in
an immunocompromised host. It is the most com-
mon mass lesion in patients with acquired immu-
nodeficiency syndrome (AIDS). Toxoplasmosis
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Fig.6.3 Axial noncontrast proton density weighted MRI
depicting a left parietal cysticercosis lesion with a bulls
eye appearance of bright edema around a dark cyst around
a bright scolex

presents as a mass lesion in the brain but must be
distinguished from progressive multifocal leuko-
encephalopathy (PML). This can usually be done
with serologic testing, but occasionally the neu-
rosurgeon is asked to perform a biopsy to make
the diagnosis. Treatment is with antitoxoplasmo-
sis agents.

Viral Encephalitis

Herpes simplex encephalitis is the viral entity that
may be seen by a neurosurgeon and require biopsy
for diagnosis. It is a fulminant disease that may
rapidly progress to coma. Treatment with acyclo-
vir should be initiated as soon as the diagnosis is
even entertained. MRI imaging demonstrates
edema in the temporal lobes, sometimes associ-
ated with hemorrhage [38]. Biopsy may be neces-
sary in equivocal cases. Fourteen to twenty-one

days of treatment is indicated, and rehabilitation
is critical to recovery of function.

Fungal Infection

These infections are typically seen in immuno-
compromised patients. Aspergillus may occur as
a cerebral abscess (Fig. 6.4) in organ transplant
patients [39].

Cryptococcus can develop in normal or immu-
nocompromised patients, as a cryptococcoma or
pseudocyst or as meningitis. A neurosurgeon
may be called to drain a large pseudocyst or man-
age intracranial hypertension if it exists. Some
patients will develop hydrocephalus and require a
shunt.

Spinal Epidural Abscess

Spinal epidural abscess is a purulent infection
within the spinal canal that presents with a classic
triad of symptoms consisting of fever, back pain,
and spinal tenderness. Diagnosis may be delayed
if fever is not present, leading to weakness and
paralysis. Once again, the source may be hema-
togenous spread from another nidus of infection
or direct extension. Staphylococcus aureus is the
most common organism and it is often associated
with vertebral osteomyelitis [40]. The diagnosis
is typically made by MRI (Fig. 6.5), and the
organism may or may not be identified by blood
cultures.

Surgical treatment is necessary if there is a
neurological deficit, if bacterial identification
cannot be made, and if the spine is unstable.
Postoperative intravenous antibiotics are contin-
ued for 6-8 weeks.

Rehabilitation will involve therapy to improve
neurologic dysfunction of the involved limbs as
well as truncal stability, activities of daily living,
and other modalities used in the care of spinal
cord injury patients. Care must be taken to assess
patients for temperature, wound healing, and
level of neurologic function to rule out treatment
failure and relapse of disease. Pain level should
also be monitored and instability considered if
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Fig. 6.4 Axial postcontrast T1 weighted MRI demon-
strating a left frontal aspergillus abscess

discomfort increases over time rather than
decreases. Any concerns should be communi-
cated to the neurosurgeon in a timely manner.

Shunt Infection

The risk of infection after shunt surgery is rela-
tively high, at about 7 % [41]. This may be partly
related to the extensiveness of the foreign body
inserted and its potential contact with the skin as
it is inserted. The most common pathogen is
Staphylococcus epidermidis. The clinical presen-
tation is similar to that of a shunt malfunction or
CNS infection or peritonitis. Headache, nausea
and vomiting, fever, lethargy, and abdominal pain
are common presenting symptoms.

The diagnostic workup includes routine
blood work, a shunt tap to obtain CSF for cul-
ture, a CT to look for ventriculomegaly indi-
cating shunt malfunction, and an abdominal
CT that may show a pseudocyst around the

Fig. 6.5 Sagittal postcontrast T1 weighted lumbar MRI
showing a spinal epidural abscess with diffuse enhance-
ment within the spinal canal

peritoneal catheter tip. Treatment consists of
antibiotics and removal of the shunt hardware.
If the patient is shunt dependent, the shunt
may be externalized by bringing the distal tub-
ing out through a small incision at the clavicle
and connecting it to a closed external drainage
system until the infection is cleared. A com-
pletely new system can then be surgically
placed. If a newly shunted patient is trans-
ferred from the hospital to a rehabilitation
facility, the physiatrist and staff should moni-
tor the patient for symptoms and signs of shunt
infection, as discussed above. Any concerns
should be relayed to the neurosurgeon and
reevaluation in the acute care setting should be
considered.
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Postoperative Infection

Neurosurgical postoperative infection may take the
form of a wound infection, meningitis, cranial
osteomyelitis, brain abscess, or subdural empy-
ema. Any postoperative fever should be evaluated
for neurosurgical and non-neurosurgical causes.
Non-neurosurgical causes may be noninfectious,
such as atelectasis, drug fever, transfusion reaction,
or deep venous thrombosis; or they may be infec-
tious, such as pneumonia, urinary tract infection, or
IV line infection. Neurosurgical causes that are not
infectious include central fever and meningismus
or chemical meningitis. This last entity is a sterile
inflammatory reaction to blood spilled in the sub-
arachnoid space. It causes fever and neck stiffness
similar to bacterial meningitis. It should therefore
be worked up as such, with a lumbar puncture, and
treated as such with antibiotics, if bacterial menin-
gitis is a significant possibility [42].

Central fevers are caused by intracranial
pathology that affects the temperature regulatory
centers in the hypothalamus. They are typically
without peaks and troughs, are not affected by
antipyretics, and are not associated with sweat-
ing. Wound infections are most commonly caused
by Staphylococcus species. They present with
classic signs of redness, warmth, and pain. These
patients must be further evaluated with blood
work, imaging, and possible lumbar puncture in
order to exclude intracranial extension of the
infection with associated meningitis, osteomyeli-
tis, or brain abscess. Meningitis may cause nau-
sea, vomiting, stiff neck, and altered mentation. It
must be differentiated from chemical meningitis
by CSF culture and treated with antibiotics.

Postoperative neurosurgical infection may
extend intracranially as demonstrated on imaging
and require surgical re-exploration. Abscess and
empyema can then be evacuated, with irrigation
and debridement of the involved structures. One
controversial component is the craniotomy bone
flap. This is a technically devitalized tissue and
should be discarded as such, to prevent persistent
or recurrent infection. However, this practice com-
mits the patient to another future surgery: a cranio-
plasty to repair the cranial defect. To mitigate

against this, some evidence has arisen in the litera-
ture suggesting that, if the bone flap is extensively
soaked and scrubbed with antiseptic solution, it
may be replaced and not discarded [43].

Traumatic Brain Injury (TBI)
TBI Overview

The spectrum of head trauma is broad, ranging
from minor, negative imaging entities (i.e., CT
and MRI of the brain reported as negative) such
as concussion to more complex injuries involving
obvious, severe intracranial injury. Depending on
the type of rehabilitative facility, the percentage
of patients with head injuries varies significantly.
In general, these patients can be challenging.
Frustration with an oscillating rehabilitative
course is common. This chapter will help to
introduce the reader to the different types of brain
injuries and the usual post-injury course. A brief
description of the inpatient experience for each is
helpful to acquaint the reader with what might
also present itself while in a rehabilitative facil-
ity, even weeks after discharge. To keep the infor-
mation presented here brief, we will focus only
on adult traumatic brain injury.

Concussion

Thanks to the growing popularity of American
football, this “minor” type of head injury has
received increasing attention. As a result, various
grading scales have been used to develop return-
to-work or play guidelines. These guidelines are
now well published and readily available via gov-
ernment and neurology-/neurosurgery-supported
websites. The reader is encouraged to further
investigate these websites for further details. Of
particular use is the AAN guidelines for sports-
related concussion:

www.aan.com/go/practice/concussion
www.cdc.gov/headsup/providers/return_to_
activities.html


http://www.aan.com/go/practice/concussion
http://www.cdc.gov/headsup/providers/return_to_activities.html
http://www.cdc.gov/headsup/providers/return_to_activities.html
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pediatrics.aappublications.org/content/
126131597 .full

www.aans.org/Patient%20Information/
Conditions%20and%20Treatments/
Concussion.aspx

In general terms, concussion is when the brain
is impacted and experiences sudden acceleration/
deceleration forces. This temporary action results
in disruption of the usual harmony of the various
brain regions’ communication with each other.
This is thought to be secondary to different densi-
ties of brain regions moving at different veloci-
ties relative to one another. Additionally, cell
injury results in the release of glutamate which
further starts a chemical cascade of further local
cell injury. The whole cellular milieu is deranged
and as a result the normal well-tuned autoregula-
tion of blood flow is disrupted [44]. The above
processes result in desynchronization of the
brain: the dynamic symphony of the brain is out
now of tune. This is manifested in several ways
including these typical symptoms:

Blank stare or befuddled expression

Delayed motor or verbal response

Easy distractibility, attention derangements

Speech alteration — slurred, incomprehensible, or
perseverant

Incoordination

Emotional lability

Short-term memory deficits

Loss of consciousness

These symptoms may last for some time and
reflect the degree of concussion. This also has a
direct correlation to the duration of the post-
concussive recovery. Generally, these patients are
admitted, usually for observation and further
evaluation of other injuries. Typically these
patients do not proceed to rehabilitation but may
be in inpatient facilities for concomitant injuries
sustained elsewhere. It is important however to
be familiar with the post-concussive syndrome
that usually follows as this may also be present in
the other types of traumatic brain injuries to be
discussed [45-49].

Post-concussive symptoms may include the
following involving somatic, cognitive, and psy-
chological realms:

Headache

Dizziness

Light-headedness

Blurry visual or other visual disturbance

Anosmia

Tinnitus or other less common hearing difficul-
ties including reduced acuity

Imbalance

Concentration difficulties

Judgment impairment

Emotional lability

Personality deviation

Loss of libido

Sleep/wake cycle disruption — insomnia or
hypersomnolence

Fatigability

Photophobia or hyperacusis (increased sensitiv-
ity to sound)

Long-term sequelae include:

Dementia — though more common with multiple
concussion within a short interval or multiple
brain injuries during a single insult — now
commonly referred to chronic traumatic
encephalopathy (CTE). [50]

Increased rate of divorce or job loss due to the
aforementioned sequelae.

Again much has been published on this topic and
is readily available from trusted sources
including the AAN, AANS, and the
government-sponsored concussion websites
including those endorsed by the NFL.

Contusion

In distinction to concussion, contusion is an
actual pathological finding on imaging, such as
CT or MRI [51]. Generally, it is considered an
intraparenchymal hemorrhage of less than 1 cm.
The mechanism of injury is usually high-velocity
blunt trauma or penetrating (Fig. 6.6).


http://www.aans.org/Patient Information/Conditions and Treatments/Concussion.aspx
http://www.aans.org/Patient Information/Conditions and Treatments/Concussion.aspx
http://www.aans.org/Patient Information/Conditions and Treatments/Concussion.aspx
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Fig.6.6 Examples of intracerebral hemorrhages, both traumatic and vascular types. Left upper image shows a intrace-
rebral hemorrhage as a result of penetrating trauma in which veins and arteries likely have been lacerated or disrupted.
Right upper image illustrates a hypertensive hemorrhage which usually is non traumatic in etiology. The left lower
image is representative of either a hemorrhagic stroke or a larger hemorrhage from a traumatic blunt head injury, though
the former is the common appearance as represented. The right lower image illustrates multiple small hemorrhages in
the brainstem (pons in this case) the after effects of brain herniation or after decompression via craniotomy, craniec-
tomy, or removal of cerebrospinal fluid via a ventriculostomy

Similar derangements as discussed in con-
cussion may be present. Typically patients are
monitored for 24 h and released if imaging is
stable and the hospital course uneventful. Here
again, transition to a rehabilitative facility is
unusual, although age may play a factor. Again,
familiarity with aforementioned post-concus-
sive syndrome is important. Things to be mind-
ful of in this population include the possibility
for delayed deterioration which will be dis-
cussed separately as there is significant overlap
in the various types of traumatic brain injuries
[52, 53].

Traumatic Subarachnoid Hemorrhage

There are two general types of subarachnoid hem-
orrhage: traumatic and aneurysmal. The etiology
and source of these entities are very different.
Aneurysmal subarachnoid hemorrhage results
from the rupture of an intracranial aneurysm and
usually nontraumatic in nature. The blood typically
layers in the basal cisterns surrounding the brain-
stem and also involving the sylvian fissure. This
entity is distinct from traumatic subarachnoid hem-
orrhage in which blood is within the subarachnoid
space but within the sulci over the convexities of
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the cerebrum rather than along the larger diameter
arteries in the basal cisterns and sylvian fissure.
The etiology for this is thought to be secondary to
tearing of small veins or arteries within the sub-
arachnoid space. The typical hospital course is
similar to contusion though with some potential
ischemic variation to be discussed. Aneurysmal
subarachnoid hemorrhage is further discussed else-
where in this chapter but does share with traumatic
subarachnoid the theoretical possibility of delayed
ischemic events [54, 55]. This entity is well
described and published in aneurysmal subarach-
noid hemorrhage but only anecdotally mentioned
in the literature for traumatic subarachnoid hemor-
rhage. My own research in rabbits suggests this is a
physiologic possibility but does seem to correlate
more with the arterial diameter within the foci of
the subarachnoid blood and the presence of oxyhe-
moglobin from an arterial source [56]. Therefore,
attention should be paid for neurological changes
particularly 3-21 days after the ictus of injury. If
this is suspected, a thorough neurological evalua-
tion should be performed. CT imaging would be
helpful to rule out new hemorrhage. Further
workup, including transfer to a local medical center
for neurological evaluation and MRI, might be
warranted if a neurological deficit is present regard-
less of CT findings. Clearly any new CT findings
would also warrant further evaluation as well
regardless of neurological exam findings [57, 58].
Other types of delayed deterioration will again be
discussed later.

Epidural Hematoma

Epidural hematomas are general secondary to
laceration of the middle meningeal artery from a
fracture calvarium typically as it courses under
the normally thin temporal bone. This is the clas-
sical appearance (Fig. 6.7).

However, epidural hematomas can also result
from inflow of venous blood from the venous
lacunes within the diploic space of the calvarium
(space between the inner and outer cortical tables
of the skull) into the space between the dura and
inner surface of the skull. Typically these venous
variants tend to be small and infrequently require

Fig. 6.7 Classic appearance of an epidural hematoma.
The blood collects in the potential space between the
inner table of the calvarium and the dura mater

evacuation. Arterial forms can continue to grow
after initial recognition. A “lucid interval” is
commonly described and accounts for the time in
which this collection is enlarging. Patients have
an initial concussive type of presentation then
slowly decline as the hematoma creates increas-
ing mass effect [59, 60]. Generally, these are
evacuated via craniotomy if greater than 1 cm or
producing a neurological deficit [61]. The goal of
surgery is to remove the hematoma and stop the
source of bleeding [62]. Patients may be moni-
tored for several days and usually in an ICU set-
ting. Age plays a role in which patients require
further rehabilitative efforts after discharge. A
post-concussive syndrome is typical. Delayed
deterioration recognition and management will
again be discussed later in this chapter.

Subdural Hematoma

Subdural hematomas form from tearing of the
small bridging veins within the subdural space
either from violent movement of the brain from
trauma or from the fragility of these veins in the
older population, often “encouraged” by antico-
agulation or antiplatelet medications for other
systemic disorders (Fig. 6.8).



74

J. Lustgarten et al.

Fig. 6.8 Left side of the image (or the patient’s right
side by imaging orientation and presentation standards)
illustrates the classic subdural hematoma in which the
blood pools in the space between the dura mater and the
subarachnoid layer. This typical appearance is usually
from minor trauma or secondary to over-anticoagula-
tion. The right side of the image (the patient’s left) por-
trays a higher velocity injury in which the subdural
hematoma spreads through the arachnoids layer which
has been disrupted by the impact and into the subarach-
noid space. This side of the images therefore shows both
subdural hematoma and traumatic subarachnoid
hemorrhage

Typically these torn veins will clot as this is a
low pressure system. However, derangements of
clotting will prevent proper clotting and bleeding
may continue resulting in mass effect. Symptoms
will vary from headache to focal neurological
findings. A “lucid interval” has also been noted
here though less robust as in epidural collections.
Surgical indications and typical hospital manage-
ment are similar to epidural hematomas, though
chronic subdural collections which are more liq-
uid in density may be relatively easily removed
via a burr hole rather than a formal more time-
intensive, morbid craniotomy [63-67].

Multicompartment Trauma

All the above types of hematomas can be found
in a single patient if the degree of trauma is severe
enough. The presence of an anticoagulated state
will also increase the possibility of multiplicity

[68]. The GCS of these patients is important to
trend. Prolonged hospital stays are common.
Surgery in the form of craniotomy with hema-
toma removal may be required for a focal neuro-
logical deficit or for increasing intracranial
pressure (ICP) [69]. Skull fracture elevation or
calvarial vault reconstruction may be required for
significant blunt trauma. Decompressive craniec-
tomy in which a large piece of the skull is
removed to provide space for a swollen brain
may be required if intracranial pressure is diffi-
cult to control or the brain is noted to be severely
swollen intraoperatively [70, 71]. Typically,
intracranial pressure monitoring will be employed
in those with a GCS <8 with substantial CT find-
ings. Removal of a part of the calvarium requires
later reimplantation or placement of a prosthetic
usually 2-3 months postoperatively. Obviously,
care should be taken in these patients to avoid
pressure on this portion of the brain as it lacks its
usual protective boney covering.

Late Complications/Delayed
Deterioration

Complications associated with TBI can be
related to the surgery itself or the trauma suf-
fered to the brain [72]. Those associated with
surgery are well described previously in the sec-
tion on brain tumors. Injury to the brain, whether
traumatic or iatrogenic (yes, surgery), can put
the brain at risk for seizure. Commonly, antiepi-
leptics are recommended and have proven to
reduce the frequency of TBI-related seizure
when given for at least a week after injury [73,
74]. Those at high risk for posttraumatic (TBI)
seizures include those with the following crite-
ria/characteristics of injury:
Acute subdural, intracerebral
hematoma
Open-depressed skull fracture with contusion/
parenchymal injury
Seizure during initial 24 h post-injury
Penetrating brain injury
History of significant alcohol abuse

epidural, or
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Typically, antiepileptics are tapered after 1
week. Exceptions include those with history of
seizure, those undergoing craniotomy, penetrat-
ing brain injury, and development of seizure after
7 days post-injury. Those remaining on antiepi-
leptic medications for the above reasons should
be maintained on the medications for at least 6
months and followed closely by a neurologist.
Typically, an EEG will be required prior to
removal of these medications. Driving is not
allowed due to risk of harm to one’s self or others
should a seizure occur during operation of a
motor vehicle.

Other potential late developments or compli-
cations for traumatic brain injury include:

Chronic headaches.

Otorrhea or rhinorrhea from basilar skull frac-
tures — no role for antibiotics in this situation
unless febrile or with leukocytosis [75].

Facial nerve dysfunction from mastoid or petrous
bone fractures — generally treated with ste-
roids by ENT - self-limited in most cases
[76].

Delayed traumatic intracerebral hemorrhage —
usually with 72 h of injury — thought to be sec-
ondary to early resumption of anticoagulants
or coalescence of extravasated microhemato-
mas [77].

Upper gastroduodenal ulceration and hemor-
rhage — proton pump inhibitors — are strongly
recommended in the TBI patient to reduce this
potential complication [78].

Infection — particularly in the postsurgical patient,
whether an ICP monitor, ventriculostomy, or
formal craniotomy.

Deep venous thrombosis — difficult to treat due to
delayed traumatic intracerebral hemorrhage —
anticoagulants, and antiplatelet agents are not
recommended and this is best avoided with
early mobilization and the use of sequential
pneumatic devices and compression stockings
[79, 80].

Communicating hydrocephalus — which may not
present for several years or even decades and
may present at idiopathic or normal pressure
hydrocephalus (nicely described previously)
[81, 82].

Post-concussive syndrome — as described above.

Hypogonadotropic hypogonadism (hypopituita-
rism that may require endocrine support, dia-
betes insipidus (DI) may be present in 40 %
and usually is transient) [83, 84].

Alzheimer’s disease [85, 86].

Chronic traumatic encephalopathy (CTE).

The last item has received a significant press
in the era of the high-velocity, large mass colli-
sions of the current NFL. CTE is a clinically dis-
tinct entity from  Alzheimer’s though
pathologically they share the microscopic/histo-
logical characteristics of neurofibrillary tangles
and f-amyloid plaques with the associated
increased risk for intracerebral hemorrhage. The
clinical features of CTE include:

Mental slowing or memory decline (usually
short term>long term).

Personality changes:

Explosive behavior

Morbid jealousy

Pathological alcohol ingestion/intoxication

Paranoia

Motor changes:

Cerebellar dysfunction (intention tremor)

Pyramidal tract dysfunction (similar to
Parkinson’s)

Optimization of recovery from TBI clearly
involves avoidance of the above potential compli-
cations but also includes:

Avoidance of hyperglycemia

Avoidance of the use of steroids [87]

Early parenteral feeding [88-92]

Early mobilization

Normalization of sleep/wake cycle — this may
require stimulants in the morning to reset the
patient’s internal clock

The recovery from TBI is usually frustrating
for all involved, including the caregivers, family,
and patient. The process of rehabilitation from
TBI is nicely described in Living with Brain
Injury [93]. The reader is encouraged to delve
further into this text for a well-organized
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approach to behavioral rehabilitation of the TBI
patients. Briefly, a multistep process is
suggested:

Evaluate a patient’s specific needs and goals

Prevent complications

Educate on compensatory
disabilities

Harness the brain’s natural healing mechanisms
(i.e., neural plasticity)

Maximize abilities that return early or remain
unaffected

strategies  for

In general, it is a process of “mind over mat-
ter.” In other words, it is cognitive reprogram-
ming or remediation that is required to help
patients adjust to their new deficits. Moreover, it
is about developing appropriate problem solving
and coping skills to maximize their abilities and
develop or adapt new ones to overcome and
improve their function limitations.
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Neurologic Injury and Spasticity

Neil R. Holland

Introduction to the Motor System

There are two main sets of motor pathways that
run between the brain and individual muscles to
facilitate movement. The pyramidal system is a
direct pathway from the motor cortex to spinal
cord segments controlling individual muscle
groups. It facilitates conscious volitional move-
ments such as writing, typing, picking up a cup,
or kicking a ball. The extrapyramidal system con-
sists of multiple discrete indirect pathways con-
necting the brainstem nuclei and the cerebellum
to larger groups of muscles. It facilitates subcon-
scious motor tasks such as maintenance of stance
and posture. Both motor pathways are referred to
as upper motor neurons as they descend through
the spinal cord.

These pathways converge into the anterior
horn cells in the gray matter of the spinal cord,
whose axons, the lower motor neurons, are the
final common connection to muscle fibers
(Fig. 7.1). Anterior horn cells are also affected by
local reflex circuits within the spinal cord
designed continuously and automatically to
adjust muscle tone based on sensory receptors
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within muscles and tendons. This myotactic or
stretch reflex is the basis for the knee or ankle
jerk. Other spinal reflexes facilitate reciprocal
inhibition: when a muscle is voluntarily acti-
vated, its antagonistic muscles must be simulta-
neously relaxed to allow movement (Fig. 7.2).
Some descending upper motor neurons directly
activate the lower motor neuron anterior horn
cells causing movement, while others modulate
local reflex circuits in the spinal cord to make
reflexive movements more adaptive [1].

Lower Versus Upper Motor Neuron
Injury

Injuries to peripheral nerves and spinal segments
result in partial or complete weakness of inner-
vated muscle and interruption of associated spi-
nal reflex arcs. Such lower motor neuron lesions
are easy to recognize and localize based on the
pattern of weakness and interruption of the
appropriate local reflex arc. For example, both
radial nerve and C7 nerve root lesions will cause
weakness of wrist and elbow extension and an
absent triceps reflex, but the C7 nerve root lesion
will also cause wrist flexion weakness through its
contribution to the median nerve.

Upper motor neuron lesions are more compli-
cated. First, many such lesions selectively affect
the pyramidal pathway with loss of fine motor
skills in the affected limb in the absence of
complete paralysis. Affected patients will
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Fig. 7.1 Motor pathways, upper motor neuron pathway
(the brain and spinal cord), and lower motor neuron path-
way in nerve root and peripheral nerve (Source: Henry
Gray (1918) Anatomy of the Human Body, a public
domain image - http://en.wikipedia.org/wiki/Upper_
motor_neuron#/media/File:Gray764.png)
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Fig.7.2 The spinal reflex arc, tendon stretch, is transmit-
ted via a sensory neuron into the spinal cord, where it acti-
vates the motor fibers to quadriceps and at the same time
inhibits the motor fibers to hamstrings, in order to extend
the knee (knee jerk). This reflex can be facilitated or
inhibited by descending central influences

Fig.7.3 “Pyramidal” distribution weakness. This stroke
patient has a spastic right hemiparesis from selective
involvement of the pyramidal tract. Unopposed descend-
ing input from the extrapyramidal pathways results in dis-
proportionate flexion in the upper extremity and extension
in the lower extremity

subconsciously keep the upper limb flexed and
lower limb extended based on unopposed activity
via the unaffected descending extrapyramidal
pathways (Fig. 7.3). Second, in addition to loss of
motor function, upper motor neuron lesions will
also lead to loss of modulation (inhibition) of the
local spinal reflexes. Uninhibited, these myotac-
tic reflexes become overactive leading to exag-
gerated resistance to passive stretching
(spasticity) and loss of reciprocal inhibition. In
other words, muscle weakness from an upper
motor lesion can stem from both loss of volitional
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Patient with spastic oy
flexion at the elbow o)

Fig. 7.4 Spasticity with loss of central inhibition. This
patient has a spastic arm with weakness of extension and
flexion at the wrist and elbow. Multichannel EMG record-

activation and also failed relaxation or resistance
to passive stretching of the antagonistic muscles,
somewhat akin to driving with the hand brake on.
Multichannel dynamic EMG recordings can be
helpful in sorting this out (Fig. 7.4). Treating the
spasticity — or releasing the hand brake — can be
enough to improve function in some patients.
Other patients require more complicated proce-
dures to improve function. In extreme cases, this
can involve lesioning and neurotization. In other
words, this converts an upper motor neuron lesion
into a simpler lower motor neuron lesion and
then fixes the lower motor neuron lesion.

Spasticity
Clinical Features

Spasticity is an involuntary increase in muscle
tone that can cause pain and deformity in addition
to exacerbating upper motor neuron pattern weak-
ness. This increased tone results from interruption
of descending inhibition of myotactic stretch
reflexes. Spasticity is velocity-dependent: the
resistance will build up as the muscle is stretched
faster until it suddenly gives away, known as the
“clasp knife phenomenon.” This velocity-depen-
dent change in tone is what distinguishes spastic-
ity from other positive motor phenomena like the
rigidity seen in Parkinson’s disease, the sustained
dystonic movement seen in Wilson’s disease, or
the neuropsychiatric phenomenon of catatonia.
Spasticity can also cause reflexive painful grouped

Trytoflex Trytoextend Try to flex

Biceps brachii

Brachialis

Brachioradialis

Triceps

ing shows that biceps is activated during attempted elbow
extension; the “weakness” is from persistent activity in the
flexor muscles (i.e., a failure to relax antagonistic groups)

muscle spasms in response to a somatic or vis-
ceral trigger or change in posture. The increased
tone from spasticity can be so severe as to appear
as a fixed contracture. This distinction is impor-
tant, since the latter will not respond to medical
therapy. An examination under anesthesia may be
necessary to differentiate the two.

Treatment

Treating spasticity not only improves motor
function but also can relieve pain, improve pos-
ture and positioning (and hence prevent pressure
sores), and facilitate hygiene. Treatment modali-
ties can include physical therapy, splinting, and
medical and surgical interventions, depending on
the extent and severity of the symptoms (Fig. 7.5).
This necessitates a multidisciplinary approach to
spasticity management, beginning with the iden-
tification of reasonable outcome goals.

Physical Therapy

Spastic limbs can be passively stretched using
bands, splints, or pressure garments (dynamic
fabricated orthoses) to reduce tone and prevent
fixed contracture [2]. Fixed contractures can be
slowly stretched out using progressive splinting
(Fig. 7.6). Standing frames allow paraplegic
patients to remain upright for prolonged periods,
using gravity to reduce spasticity and prevent
contractures. Strengthening exercise regimens
for weak muscles can make it easier to overcome
spasticity and improve function; in particular,
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Fig.7.5 Algorithm for treating spasticity based on extent and severity of symptoms

Fig. 7.6 An adjustable wrist splint can be adjusted to
provide gradual correction of spastic tone and soft tissue
contracture from progressive splinting

forced use of a hemiparetic limb by constraining
the unaffected side in stroke patients can reduce
spasticity [3].

Oral Medications

Oral drugs used to treat spasticity work by
increasing GABA-mediated inhibition of spinal
reflexes (baclofen and benzodiazepines), sup-
pressing the release of the excitatory neurotrans-
mitter glutamate (tizanidine via activation of
alpha-2 adrenergic receptors) or blocking calcium

release in muscle cells to reduce contractility
(dantrolene) (Table 7.1). Drug regimens can be
very helpful in specific situations. For example, a
dose of clonazepam at bedtime can reduce noc-
turnal spasms and improve sleep. However,
although widely prescribed to spastic patients,
for the most part, these drugs have limited effi-
cacy and cause such significant side effects
including drowsiness and worsening weakness
that most patients are noncompliant with pre-
scribed doses [4-06].

Chemodenervation

Botulinum neurotoxin prevents the release of
acetylcholine from presynaptic nerve terminals at
the neuromuscular junction. When injected intra-
muscularly, its effects are maximal at the injected
muscle, causing a temporary dose-dependent
blockage of neuromuscular transmission that
reduces muscle contraction within 7-10 days and
lasts for 3—4 months [7]. The resultant partial
paralysis can alleviate spasticity and improve
function. Adverse effects can include excessive
weakness (temporary) and transient ptosis and/or
difficulty in swallowing if the drug is adminis-
tered to head and neck muscles.
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Table 7.1 Oral drugs commonly prescribed for spasticity

Drug
Baclofen

Tizanidine

Benzodiazepines
Clonazepam
Diazepam

Dantrolene

Mechanism of action
GABA agonist

Alpha-2 adrenergic receptor
agonist inhibits glutamate
release

Increased GABA

Blocks calcium release from
the sarcoplasmic reticulum
in skeletal muscle

Dose

5 mg three times daily,
increased by 5—-10 mg
weekly up to a max dose of
90-120 mg in 3 divided
doses

2 mg at bedtime, increased
by 2 mg weekly up to a
max dose of 36 mg in 3—4
divided doses

Clonazepam 0.5-1.0 mg at
bedtime

Diazepam 2.5 mg once a
day, increased by 2.5 mg
every 2—-3 days up to a max
dose of 30—40 mg in 3—4
divided doses

300 mg once daily, increase
by 300 mg every 2-3 days
up to a max dose of

3600 mg in 3 divided doses

Side effects

Increased weakness, drowsiness,
and dizziness. Sudden
withdrawal may cause rebound
spasticity, seizures, and
hallucinations

Dry mouth, GI upset, low blood
pressure, abnormal liver tests

Sedation, lethargy,
incoordination Dependency

Weight gain, GI upset,
confusion, hepatotoxicity,
prolonged QT interval

Intrathecal Baclofen

As mentioned earlier, oral baclofen alleviates
spasticity but has a high incidence of side effects,
limiting compliance and outcome. However,
much smaller doses of baclofen administered
intrathecally can achieve a relatively high con-
centration of drug within the spinal cord, alleviat-
ing spasticity with fewer systemic side effects.
Potential patients can be screened with a test dose
of medication administered via lumbar puncture.
Patients responding to the test dose can then
undergo surgical implantation of a programma-
ble pump that continuously delivers medication
directly into the spinal subarachnoid space via a
catheter (Fig. 7.7). Intrathecal baclofen therapy
has been shown to be effective for spasticity
resulting from spinal cord injury, stroke, and
multiple sclerosis [8]. However, instances of life-
threatening drug withdrawal can occur from fail-
ure to refill the pump regularly, catheter failure,
and/or programming error, so these patients need
close and frequent follow-up.

Surgical Treatment

Spastic contracture can be treated by surgical
lengthening or transfer of tendons. For example,
spastic elbow flexion can be alleviated by

—
N e S

Fig. 7.7 Schematic representation of an intrathecal
baclofen pump implanted in an abdominal pocket, con-
nected to the spine via an implanted catheter

release and lengthening of the biceps brachii,
brachialis, and/or brachioradialis tendons [9]
(Fig. 7.4). Spastic talipes equinovarus ankle
deformity can be reversed by tendon lengthen-
ing, then transferring the tibialis posterior ten-
don onto the tibialis anterior tendon so that the
unopposed action of tibialis posterior now everts
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and dorsiflexes the foot, reversing the deformity
[10]. Multichannel EMG recordings made dur-
ing active movement can demonstrate which
muscles are under volitional control, working in
or out of phase, and the presence or absence of
antagonistic muscle co-contracture. This can be
critical for planning surgical management such
as which nerves or tendons to sacrifice and/or
transfer in order to restore function (Figs. 7.8
and 7.9).

Normal dorsal

roots 2 | Post-procedure, 50 %

dorsal roots lesioned

L —

N

Fig.7.8 During selective dorsal rhizotomy, exposed dor-
sal nerve root is identified, and a portion (around 50 %) is
lesioned to reduce afferent input into the spinal reflexes
which mediate spasticity

Patient with spastic
hand contracture

Fig. 7.9 Selective tendon transfer for contracted wrist
and hand. (Top right) Baseline multichannel EMG show-
ing abnormal co-contraction of flexor carpi ulnaris (FCU)
with extensor digitorum communis (EDC) muscles when
a patient tries to release a grip. FCU is not only antagoniz-

Spasticity is caused by exaggerated myotactic
stretch reflexes (Fig. 7.2) and can be treated by
surgically interrupting these pathways. Dorsal
rhizotomy is a surgical procedure used for spastic
paraparesis, which involves a lumbar laminec-
tomy followed by identification and surgical
lesioning of the dorsal (sensory) roots, interrupt-
ing the afferent arc of this reflex while sparing the
motor (efferent) arc to avoid exacerbating weak-
ness (Fig. 7.6). The rootlets selected for lesioning
may be identified by intraoperative electrodiag-
nostic testing [11]. This technique has been most
used in children and adolescents with cerebral
palsy leading to improved ambulation and range
of motion [12, 13].

Neurolysis or neurotomy is the destruction
of specific peripheral nerves either by intra-
neural injection of phenol or alcohol or direct
surgical lesioning to alleviate regional spastic-
ity [14]. Unlike selective dorsal rhizotomy, this
process will destroy both motor and sensory
fibers, so on its own cannot improve motor func-
tion. Selective tibial neurotomy has been used
to alleviate ankle spasticity in nonambulatory

Pre-op (baseline)

EDC

FCU

Post-op FCU to EDC tendon transfer

EDC

FCU

Release grip Grasp Release grip

ing extension but activating out of phase. The patient
undergoes FCU to EDC tendon transfer. Postoperatively
(bottom right) the FCU muscle is still active during grip
release but now facilitates finger extension instead of
inhibiting it
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patients with spastic diplegic equinovarus
deformity [15]. However, neurotomy fol-
lowed by tendon transfer or neurotization can
be effective for both alleviating spasticity and
restoring function. This of course is essentially
converting a central nervous system injury into
a peripheral nervous system injury and then
surgically repairing it. Obviously, performing
the tendon transfer or neurotization without the
neurotomy first might not be effective, since
active movement cannot be restored without
first removing passive resistance. For example,

Summary of Key Points

e Upper motor neuron injuries are more
complicated than lower motor neuron
injuries, because of more primitive
motor pathways that are spared, exag-
gerated myotactic reflexes (spasticity),
and loss of reciprocal inhibition.

e Simply restoring power without
accounting for these other issues may
not improve function.

* Management of spasticity can include
any combination of physical therapy,
oral medications, chemodenervation,
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Electrodiagnostic Testing
for Nerve Injuries and Repairs

Neil R. Holland

Introduction

The evaluation and management of patients
affected by peripheral nerve injuries necessitates
a thorough knowledge of peripheral neuroanat-
omy, neurophysiology, and electrodiagnostic
medicine. In general, every nerve injury can be
classified according to its completeness and pre-
dominant pathophysiology. Complete injuries
disrupt all the neurons traversing the injured seg-
ment, causing total loss of distal motor or sensory
function. Incomplete lesions disrupt some neu-
rons but leave others unaffected, with some spar-
ing of distal motor or sensory function. An
incomplete nerve injury implies that at least part
of the nerve remains in continuity and this usu-
ally indicates a more favorable prognosis for
spontaneous recovery. Although peripheral
nerves may be injured in various ways, there are
only two possible pathophysiologic responses to
trauma at the neuronal level — demyelination and
axonal loss (Table 8.1). It is important to recog-
nize that axonal nerve injuries evolve with time.
Although axonal function is disrupted immedi-
ately, the disconnected distal segment will con-
tinue to conduct externally applied stimuli, until
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it slowly degenerates in a centrifugal fashion over
the course of the next 7-10 days by a process
known as Wallerian degeneration. Furthermore,
most nerve injuries consist of some combinations
of these two processes, which one predominates
will determine prognosis.

Electrodiagnostic medicine physicians may be
called upon to assist in any one of three distinct
roles. First, electrodiagnostic evaluations are
needed to localize injuries, determine if they are
complete or incomplete, and characterize the
pathophysiology. Second, preoperative evalua-
tion for planning tendon transfer repair may also
necessitate multichannel electromyography dur-
ing complex volitional activities as discussed in
this book in Chap. 7 [1]. Finally, electromyogra-
phers may be asked to come to the operating
room to provide additional information during
the actual surgical exploration and repair.

Part |: Preoperative
Electrodiagnostic Testing

A carefully planned electrodiagnostic study is
critical for determining the localization, com-
pleteness, and pathophysiology of nerve inju-
ries. Both nerve conduction studies and the
needle electromyography (EMG) portion of the
test contribute. However, the utility of nerve
conduction studies to assess nerve injuries can
be limited by the availability of conventional
studies and stimulation sites. In general, sensory
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Table 8.1 Pathophysiology of peripheral nerve injury with implications for prognosis

Neurapraxia (segmental

Caused by a mild stretch or compression

The axons remain intact, function can be

demyelination) injury that disrupts the myelin sheath at the  restored by focal remyelination, usually
injury site, resulting in focal demyelination ~ within a matter of days to weeks
and leaving the axons intact. This causes a
transient state of disrupted conduction along
the injured segment

Axonotmesis A more severe injury that disrupts axons but  The axon may recover by axonal
spares the supporting perineural connective  regeneration through the intact perineural
tissue sheaths sheath from the intact cell body, which is
The axonal segment distal to the injury a slow process occurring at a rate of
degenerates in a centrifugal pattern about 1 mm/day
(Wallerian degeneration)

Neurotmesis The most severe injuries which disrupt the These injuries are less likely to recover
whole nerve, affecting both the axon and by axonal regeneration and more often
supporting connective tissue require surgical repair

Mixed Most nerve injuries will actually include a Recovery from mixed lesions is usually
mixed pattern of both segmental biphasic. The neurapraxic component of
demyelination and axonal loss. The the injury recovers quickly by
prognosis is determined by which process remyelination and the axonal component
predominates of the injury recovers slowly by axonal

regeneration
a b
Nofnal
A 10mV A 10mV
v \/ - \/
5ms 5ms
Axonal injury |Neurapraxia

Fig. 8.1 Nerve conduction studies in nerve injury. (a)
Axonal injury, once Wallerian degeneration has occurred,
evoked responses are low amplitude or absent proximal and

conduction studies are affected earlier and more
severely than motor studies in nerve injuries,
and a low-amplitude or absent sensory response
from an affected nerve is the most sensitive
indication of peripheral nerve injury. Normal
sensory responses are seen with nerve root inju-
ries, even from clinically anesthetic regions,
because the injured nerve segment is proximal
to the dorsal root ganglion. In neurapraxic inju-
ries, the compound muscle action potential elic-
ited from stimulation of a motor nerve distal to
the lesion is normal, with partial or complete

distal to the injury site. (b) Neurapraxia, the distal segment
conducts normally, but proximal stimulation will result in
conduction slowing and block across the injury site

conduction block from proximal stimulation.
Late responses (F-waves) are occasionally use-
ful with extremely proximal lesions where it is
not possible to directly stimulate proximal to the
injured segment. Once an axonal injury has
fully evolved, nerve conduction studies will
show low-amplitude responses from both proxi-
mal and distal stimulation (Fig. 8.1 and
Table 8.2). Nerve injuries will cause reduced or
absent motor unit potential recruitment in dener-
vated muscles on needle electromyography
(EMG) examination. The mere presence of any
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Table 8.2 Electrodiagnostic findings in neurapraxia and axonal injury

Motor evoked response from

Motor nerve response from
distal stimulation

Neurapraxia Normal
Axonotmesis Low amplitude or absent
Neurotmesis Low amplitude or absent

voluntary motor unit potentials in a clinically
paralyzed muscle always indicates that the
nerve injury, at least the branch or fascicle sup-
plying that individual muscle, is partial and not
complete. Abnormal spontaneous activity on
needle EMG examination in the form of fibrilla-
tion potentials appears in muscles denervated by
axonal nerve injury over 2—-3 weeks.

In sum, although electrodiagnostic studies can
be performed at any time after nerve injuries,
maximal information can be obtained after 2-3
weeks, when the presence of conduction block on
nerve conduction studies indicated neurapraxia,
and the presence of low-amplitude motor and sen-
sory responses and abnormal spontaneous activity
on needle EMG examination indicate the degree
of axonal loss (Table 8.2). Obviously every elec-
trodiagnostic evaluation is tailored to the particu-
lar clinical situation. However, in general the
study should include motor and sensory nerve
conduction studies and proximal (F-wave)
responses from affected nerves and from the
contralateral limbs to compare amplitudes as well
as a needle EMG examination of affected muscles
to distinguish complete from incomplete injuries
and neurapraxia from axonotmesis. In the case of
axonal injuries, a repeat study may be indicated in
2-3 months to look for increased evoked ampli-
tudes on nerve conduction studies as well as
nascent or reinnervating motor unit potentials on
needle EMG examination, both of which indicate
ongoing recovery [2]. Planning for surgical repair
should be considered for the case of complete

Low amplitude or absent

Low amplitude or absent

Low amplitude or absent

proximal stimulation (or F-wave
response)

Needle EMG examination

Reduced or absent motor
unit recruitment

Abnormal spontaneous
activity and reduced or
absent motor unit
recruitment

Abnormal spontaneous
activity and reduced or
absent motor unit
recruitment

injury or where there is significant injury with the
lack of ongoing reinnervation after 2—3 months.
Even after nerve graft repair, recovery must occur
by axonal regrowth from the proximal stump
which occurs at a rate of 1 mm/day. Reinnervation
must occur before the muscle undergoes irrevers-
ible muscle atrophy (within 12 months). In other
words, nerve graft repair must be accomplished
within 6 months, 3 months for proximal injuries,
in order to obtain meaningful results.

Part Il Intraoperative
Electromyography

The value of having a preoperative clinical and
electrodiagnostic evaluation as discussed in the
first part of this chapter cannot be overempha-
sized. Before surgery, it will have already been
determined if the nerve injury is axonal or
demyelinating (neurapraxic), if axonal whether
complete or incomplete, and if axonal and com-
plete in the arm if a true plexus injury or root
avulsion. Unfortunately, it is not possible to dif-
ferentiate axonotmesis from neurotmesis in
cases of complete axonal injury using a preop-
erative study. If the injury was axonometric, the
patient will likely improve without surgery.
However, if the injury was neurotmetric and the
patient does not improve, the 3—6 month win-
dow for successful nerve repair will have been
missed, limiting their chances of a meaningful
surgical recovery [3].
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+NAP

Neurolysis

Fig. 8.2 Nerve action potential testing across an injury
site (scar). An evoked response (left) indicates a regener-
ating nerve (axonotmesis), and surgery is limited to a neu-

Nerve Action Potentials

In some instances, even surgical exploration and
direct visualization of the injured nerve segment
will not differentiate these two processes since it
may be impossible to determine how much inter-
nal derangement to nerve architecture has
occurred from external inspection. Intraoperative
nerve action potentials (NAPs) have been used in
this situation to determine the extent of injury
[4]. The nerve segment containing the injury is
dissected free and lifted up on two pairs of bipo-
lar electrodes separated by at least 3—4 cm. An
attempt is made to conduct across this nerve seg-
ment using stimulus intensities of 10-200 V [5].
Identification of a nerve action potential response
indicates the presence of at least several thou-
sand moderate-diameter regenerating fibers.
This number of fibers correlates with clinical
recovery of injured nerves in experimental ani-
mal models [6]. Thus, the presence of a record-
able nerve action potential across the injured
segment 2—3 months after the nerve injury indi-
cates the presence of ongoing renervation, indi-
cating axonotmesis and not neurotmesis and

No NAP response

rolysis. No response (right) is more consistent with
neurotmesis, which will require a nerve graft repair

obviating the need for nerve graft repair. In these
situations, surgical exploration, identification of
the injury, and then intraoperative testing to
determine whether the injury is axonometric (in
which case surgery is limited to neurolysis) or
neurotmetric (in which case nerve graft repair is
needed) (Fig. 8.2). This approach has been
shown to improve outcome from surgical explo-
ration of the brachial plexus [7].

It is important to recognize that large-
amplitude, fast-conducting nerve action potential
responses can still be recorded from sensory
nerve fibers in the brachial plexus even in the
presence of complete nerve root avulsions proxi-
mal to both the stimulation site and the dorsal
root ganglion. Any suspicion that this may be the
case can usually be resolved by attempting to
record cortical somatosensory responses from
direct stimulation of proximal nerve segments.
Responses will be absent in the case of root avul-
sions [8]. Tourniquets may cause false-negative
nerve action potential responses because of
peripheral nerve ischemia. The tourniquet should
be deflated for at least 30 min before performing
the test [9].
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Fig. 8.3 Using stimulus-triggered EMG to identify
nerves in brachial plexus. The exposed nerve is stimu-
lated, with recordings made from multiple appropriate

Stimulus-Triggered EMG

Most peripheral nerve surgeons use a battery-
powered handheld monopolar stimulator to help
identify nerves during surgery by watching the
limb for an evoked visible twitch. However, it can
be hard to attribute a visible proximal arm twitch
to the action of a particular nerve and muscle.
Specific localization can be improved by using
the EMG machine to provide current to a hand
held stimulator in the field with simultaneous
recordings made from multiple muscles using
intramuscular needles. Identifying a time-locked
evoked compound muscle action potential in
only one of the recording channels will identify
the individual nerve (Fig. 8.3). Obviously, this
only works for uninjured normally conducting
nerves in the absence of neuromuscular blocking
drugs. This technique is particularly important
for identifying the spinal accessory nerve during
brachial plexus exploration, which is spared in
plexus injury, and can be used both for orienta-
tion and as a potential donor for neurotization.
The concept of cross chest C7 nerve root trans-
fer for repair of peripheral and central nervous
injuries was discussed in another chapter [1].
Obviously, this necessitates the sacrifice of a
nerve root from the healthy limb in a compro-
mised patient with a potential for causing further
neurologic deficit. Although reported cases have
experienced only minor sensory loss or transient
weakness because of relative redundancy of the
C7 nerve root and co-innervation by adjacent
nerve roots, cases of aberrant innervation are

Record

muscles. Identification of a compound muscle action
potential in one muscle (trace A, right), but not the others,
can identify the nerve and confirm that it is uninjured

always possible [10]. Sequential stimulation of
the exposed C6, C7, and C8 nerve roots with trig-
gered responses recorded from major muscle
groups can be used to rule out muscles with exclu-
sive C7 innervation prior to transection [11].

Stimulus-triggered EMG can be also used dur-
ing dorsal rhizotomy for surgical treatment of
spasticity. The premise is that lesioning some of
the dorsal roots can lessen spasticity without exac-
erbating weakness by partially interrupting seg-
mental reflex arcs [1]. Triggered EMG responses
are used by some surgeons to identify the dorsal
rootlets which are contributing most to spasticity
based upon “abnormal” evoked responses, either
responses generated at abnormally low stimulus
thresholds or abnormally sustained evoked EMG
responses [12]. However, it is unclear if this type
of testing has any merit compared to simply lesion-
ing randomly chosen rootlets [13].

Summary/Key Points

* Preoperative diagnostic EMG evalua-
tions are critical for evaluating and fol-
lowing nerve injury patients.

e A diagnostic EMG done 2-3 weeks
after injury can localize nerve injuries,
distinguish complete from incomplete
injuries, and distinguish neurapraxia
from axonal degeneration.

e Further intraoperative testing is usually
needed to fully elucidate these injuries
and plan surgical repair.
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e A nerve action potential conducted
across a visualized injured nerve seg-
ment can indicate axonotmesis, with
ongoing renervation, obviating the need
for nerve graft repair.

e Stimulus-triggered EMG can be used
for orientation, localization, and exclu-
sion of aberrant innervation prior to sac-
rificing a donor site.
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Spine Trauma

l. David Kaye and Peter G. Passias

Introduction

Spinal trauma, including spine fractures, disloca-
tions, and spinal cord and/or nerve root injuries,
is a frequent musculoskeletal injury. Vertebral
column injuries occur in approximately 6% of
trauma patients, with about half of these patients
sustaining a spinal cord or nerve root injury [1].
The incidence of spine fractures is about 64 per
100,000 people, with the overwhelming majority
occurring at the junctional regions of the spine,
such as the craniocervical, cervicothoracic, and
thoracolumbar areas [2]. Failure to properly diag-
nose and manage these injuries can result in neu-
rologic deficits that may permanently impair a
patient’s function and quality of life and may
even lead to death in some cases.

With increasing safety protocols, specifically
regarding automobiles, patients are now surviv-
ing initial traumas that previously would have
been lethal. These patients are now being tri-
aged with increasingly severe spinal injuries
that require urgent management. The advent of
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advanced imaging has also aided detection and
guided management of spinal injuries, and
newer instrumentation has afforded better prog-
nosis for some patients with spine trauma. The
goal of this chapter is to provide an overview of
cervical, thoracic, and lumbar trauma with a
focus on epidemiology, diagnosis, radiographic
evaluation, acute management, and rehab
strategies.

Anatomy

The spine is composed of 7 cervical, 12 tho-
racic, and 5 lumbar vertebrae. Five fused ver-
tebrae form the inflexible sacrum that provides
relatively rigid fixation to the rest of the pel-
vis. Below the sacrum, four or five ossicles
comprise the coccyx. These bones constitute
97 diarthroses. An even greater number of
amphiarthroses with numerous processes on
each bone for ligamentous attachments pro-
vide stability for these articulations. The pur-
pose of the spine is to provide neuroprotective
support to the trunk. Although some levels
have unique anatomical modifications, for
example, the axis and the atlas, an in-depth
description of these variances is beyond the
scope of this text.

Each vertebral unit is composed of an anterior
body, made of mostly trabecular bone, and a pos-
terior structure, the dorsal vertebral arch, which
is attached to the dorsolateral aspect of the body
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Fig.9.1 Spinal anatomy.
(a) Top image: lumbar spine
anatomy. (b) Lower image:
upper cervical spine
anatomy

by stout pillars called pedicles. The pedicles are
united posteriorly by the laminae and then give
off a dorsal projection, the spinous process.
Transverse processes project off the junction of
the pedicles and lamina.

The spinal column houses the spinal cord,
which in turn gives off dorsal and ventral nerve
roots that pass through the subarachnoid space to
form the spinal nerve (commonly referred to as
root). This occurs approximately at the level of
the intervertebral foramen. In the cervical spine,
the spinal nerves exit the column one level above
the numbered pedicle (e.g., C6 nerve root exits at
the C5-C6 interspace). However, the thoracic
and lumbar nerve roots exit below the numbered

pedicle (e.g., L4 nerve root exits at the L4-L5
interspace) (Figs. 9.1 and 9.2).

Spine Trauma Overview
Epidemiology

Injuries to the spine are most commonly second-
ary to high-energy trauma in the young but sec-
ondary to low energy forces, with minimal or
even no trauma, in the elderly. In the cervical
spine, injuries occur in 2-3 % of all patients who
sustain blunt trauma [3]. Injuries are more com-
mon at the upper cervical region compared to the
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Fig.9.2 Spinal nerve. (a)
Top image: lumbar spine
roots exiting below the
pedicle of their respective
vertebral body. (b) Lower
image: cervical spine nerve
roots exiting above the
pedicle of their respective
vertebral body

subaxial cervical spine with injuries most com-
monly secondary to high-energy trauma such as
motor vehicle accidents or falls from height in
the young as opposed to low-velocity falls in the
elderly [4-7]. At the thoracic and lumbar spine,
most isolated fractures are related to osteoporosis
and involve minimal trauma. Osteoporosis leads
to approximately 750,000 vertebral fractures
each year in the United States [8]. Conversely,
only about 15,000 thoracic or lumbar fractures
related to trauma are reported annually [9].

Most spine fractures occur at the thoracic and
lumbar regions, accounting for more than half of
all spinal injuries in trauma victims with 60 % of
those fractures occurring between the T11 and
L2 vertebral levels [10—-12]. Although spinal cord
injury is exceptionally rare with osteoporotic
fractures, neurologic injury occurs in one-fourth

of traumatic thoracic and lumbar fractures [12].
Overall, neurologic injury following thoracic or
lumbar trauma is 3% [12]. This rate is signifi-
cantly lower than the rate of spinal cord injury
after cervical spine fractures as spinal cord injury
after cervical trauma accounts for 65% of all
traumatic spinal cord injuries [13].

The presence of a spinal cord injury dramati-
cally affects a patient’s mortality risk and his ulti-
mate function and quality of life. For patients
with a spinal cord injury, the overall mortality
during the initial hospitalization was 17 % based
on a study in the early 1980s, but more recently,
the National Spinal Cord Injury Statistical Center
estimates the mortality of traumatic spinal cord
injury to be 2.6 % [1, 14]. However, some have
suggested that the number is actually closer to
5-10% [15].
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Initial Care

The goal of any intervention following spine
trauma is to achieve spinal stability. White
and Panjabi describe clinical spinal stability
as the “ability of the spine under physiologic
loads to limit patterns of displacement so as
not to damage or irritate the spinal cord or
nerve roots and, in addition, to prevent inca-
pacitating deformity or pain caused by struc-
tural changes” [16].

Any patient who has sustained a high-energy
trauma should be assumed to have a spine injury
until proven otherwise. In fact, at least 6 % of all
trauma patients sustain a spine injury [1]. As a
general rule, all trauma patients need to be fully
investigated for spinal injury. Before proceeding
with any intervention in the trauma setting, estab-
lishing the ABCs (airway, breathing, circulation)
and applying the Advanced Trauma Life Support
protocols are paramount. Field management of
trauma victims requires vigilance for the possi-
bility of an unstable spinal injury until spinal
injury is definitively excluded or treated. Proper
extrication of the patient and immobilization of
the cervical spine at the accident scene are criti-
cal to avoid further neurologic injury [17]. The
head and the neck need to be aligned with the
long axis of the trunk and immobilized in this
position with the use of a cervical collar, sand-
bags, tape, and spine board. Cervical extension
should be avoided because it narrows the spinal
canal more than flexion [18]. Logrolling precau-
tions must be maintained, although logrolling has
been shown to allow some degree of motion at
the spinal injury site [19].

As part of the initial evaluation of ABCs,
assessment of vital signs including blood pres-
sure and heart rate may reveal abnormalities that
must be accurately diagnosed to prevent potential
catastrophe. Unlike other trauma patients who
are more likely to suffer from hemorrhagic shock,
patients with spine trauma may instead be in a
state of neurogenic shock, which must be distin-
guished for safe resuscitation (Table 9.1) [20,
21]. Neurogenic shock results from a loss of
sympathetic outflow leading to hypotension with
simultaneous bradycardia in the face of warm

Table 9.1 Comparison of neurogenic and hypovolemic
shock

Neurogenic shock  Hypovolemic shock

Etiology Loss of Loss of circulating
sympathetic blood volume
outflow

Blood Hypotension Hypotension

pressure

Heartrate  Bradycardia Tachycardia

Urine Normal Low

output

Skin Warm extremities  Cool extremities

extremities and a normal urine output. It is gener-
ally treated with administration of vasopressors
(e.g., dopamine), whereas treatment with fluid
resuscitation, if confused with hemorrhagic
shock, can actually precipitate pulmonary edema.
A more favorable neurologic recovery has been
found in those whose mean arterial pressure is
maintained above 85 mmHg, allowing for ade-
quate perfusion of the cord [22].

After acute stabilization, other injuries
must be assessed. While a primary lesion may
be suspected at a particular spinal level, inju-
ries at noncontiguous levels have been reported
to occur in as many as 15-20 % of patients
[23]. Although cervical spine fractures are
unlikely to be associated with an abdominal
injury, with a reported rate of 2.6 % of cases,
chest and abdominal injuries are commonly
identified in patients with thoracic and lumbar
fractures [24].

Physical Examination

A thorough physical examination, identifying
any potential neurologic deficits, is critical for
guiding management. A methodical evaluation of
motor and sensory groups for each spine level
must be performed (Table 9.2). Based on this
examination, an American Spinal Injury
Association (ASIA) score may be assigned. The
ASIA classification is graded from A, complete
motor and sensory deficit, to E, completely intact
neurologic exam. Distal motor function and
sacral sparing are important for prognosis [25].
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Table 9.2 Myotome and dermatome spine exam

Motor Sensory Reflex
C5 Deltoid Lateral shoulder/arm Biceps
C6 Biceps/wrist extensors Lateral forearm/thumb and Brachioradialis
index finger
C7 Triceps/wrist flexors Middle finger Triceps
C8 Hand intrinsics/finger flexors Ring and little finger/medial
forearm
T1 Hand intrinsics/finger abductors Medial arm/axilla
L2 Iliopsoas Upper thigh proximal lateral/
distal medial
L3 Quadriceps/hip adductors Middle thigh proximal
lateral/distal medial
L4 Tibialis anterior Upper thigh laterally crossing Patella tendon
knee/medial leg
L5 Extensor hallucis longus/gluteus Lateral thigh and leg
medius
S1 Gastrocnemius/soleus Posterior thigh/leg Achilles tendon

In fact, even in those who are initially found to
have a motor complete lesion, the return of sacral
pinprick sensation by 4 weeks post-injury carries
an improved prognosis of regaining ambulatory
potential [26, 27]. Similarly, pinprick preserva-
tion in more than 50% of the lower extremity
dermatomes L2-S1 in the first 72 h of injury is
associated with improved prognosis for ambula-
tion [28].

Although an ASIA score is given on admis-
sion, it is reassessed and rescored with each
successive exam. The score may also be lower
secondary to spinal shock [28]. Spinal shock
occurs when the physical energy of the inciting
trauma causes immediate depolarization of
axonal membranes in the neural tissue, result-
ing in a functional neurologic deficit that
exceeds the actual tissue disruption. Spinal
shock may be related to depolarization of the
entire cord. Spinal reflexes caudal to the injury
are depressed. Typically, the effects of spinal
shock resolve within 24 h, but some effects,
such as return of deep tendon reflexes, may
take weeks or even months [28]. Unfortunately,
the delayed plantar reflex, the first sign of
emergence from spinal shock, is present only
transiently and can easily be missed. The return
of other reflexes, such as the bulbocavernosus,
cremasteric, or anal wink, may take several
more days to return.

Neurologic Injury

Spinal cord injuries may be either complete or
incomplete. Complete injuries affect motor and
sensation below the level of the injury such that
no function exists. Incomplete injuries are more
varied (Table 9.3). The most common site of spi-
nal cord injury is the cervical region, accounting
for 50-64 % of traumatic spinal cord injuries,
with incomplete injuries outnumbering complete
ones by nearly a 2:1 ratio [13, 14]. Approximately
41% of the patients with an acute spinal cord
injury have a complete injury on initial evalua-
tion [13].

Acute management of spinal cord injury is
controversial. The results of the third National
Acute Spinal Cord Injury Randomized Controlled
Trial (NASCIS III) showed that steroid adminis-
tration begun within 8 h of injury is beneficial.
From that trial, the guidelines established are as
follows: for injuries within three hours, an initial
bolus of 30 mg/kg of methylprednisolone is given
followed by 5.4 mg/kg/h infusion over the next
24 h, and if steroids are begun 3-8 h after the
injury, the infusion is continued for 48 h [29-31].
Some have abandoned steroid administration
claiming no benefit and increased pulmonary
complications and infections. The decision to
administer steroids has largely become a medico-
legal one.
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Table 9.3 Incomplete spinal cord injuries

Syndrome Lesion

Central cord
injury

Anterior cord

Incomplete cervical white matter

Anterior gray matter, descending
corticospinal motor tract, and
spinothalamic tract injury with

Characteristics

Cervical injury with sacral sparing and
greater weakness in arms > legs; usually
from hyperextension injury

Causes loss of pain and temperature
sensation with preserved proprioception;
usually from vascular insult to cord

preservation of dorsal columns

Posterior cord

Brown-Sequard

Cauda equina

Conus medullaris
nerve roots

Radiographic Evaluation

White and Panjabi state that “the major practical
consideration in the determination of clinical
instability is the evaluation of the patient’s radio-
graphs” [16]. While determination of spinal sta-
bility is more nuanced, accurate and meaningful
interpretation of radiographic imaging is still cen-
tral to diagnosis and helps guide management.

Plain Films

Cervical Spine

Systematic and reproducible evaluations of plain
film radiographs are crucial to preventing missed
injuries. In the subacute trauma setting, a com-
plete radiographic series of the cervical spine
should include a minimum of AP, lateral, and
open-mouth odontoid views, with oblique images
obtained as necessary. Flexion—extension views
in the acute setting are generally deferred as they
are often nondiagnostic and may even be danger-
ous. When in pain, patients may have limited
mobility related to muscle spasm, limiting cervi-
cal spine motion on dynamic views, leading to
false negatives. More concerningly, unsupervised

Posterior white matter and ascending
gracile and cuneate fascicule

Injury to one lateral half of cord and
preservation of contralateral half

Injury to the lumbosacral nerve roots
within the neural canal

Injury to the sacral conus and lumbar

Causes loss of proprioception with
preserved pain and temperature
sensation

Causes ipsilateral weakness and loss of
proprioception and contralateral loss of
pain and temperature sensibility; most
commonly from penetrating trauma

Characterized by saddle anesthesia,
bowel/bladder dysfunction, diminished
reflexes, weakness, and pain

Similar presentation to cauda equina
syndrome but weakness and sensory
disturbances are rare

or forceful flexion in a patient with an occult liga-
mentous injury may precipitate a neurologic
injury.

Radiographic assessment should proceed in a
proximal to distal fashion beginning with the
occipitocervical junction and proceeding distally to
the cervicothoracic junction. Plain radiographs
may reveal fractures or dislocations at the occipito-
cervical junction, upper cervical spine or subaxial
spine. Fracture characteristics such as displace-
ment and angulation can be measured from plain
films and may help dictate management.

Spinal stability may generally be assessed by
evaluating for segmental kyphosis or vertebral
translation, both of which may indicate
compromise of the posterior ligamentous com-
plex (PLC) and instability [16].

In the subaxial cervical spine, plain radio-
graphs or CT scans can be used to screen for inju-
ries, but it is absolutely necessary to fully
visualize the cervicothoracic junction. Failure to
evaluate this area radiographically represents an
incomplete evaluation. When regular lateral films
do not reveal the junction, a swimmer’s view,
performed by placing one of the patient’s arms
above their head and one below, may provide bet-
ter resolution (Fig. 9.3).
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Fig.9.3 Standard cervical spine radiographs. (a) Open-mouth odontoid view, (b) AP view, (c) lateral view

Thoracic and Lumbar Spine

Standard thoracic and lumbar evaluation
includes AP and lateral projection. An AP view
may reveal coronal malalignment or interpedic-
ular widening characteristic of lateral displace-
ment of burst fracture fragments, while lateral

radiographs may be used to quantify sagittal
deformity through measurement of Cobb angles.

As in the cervical spine, instability and poste-
rior ligamentous disruption should be suspected
with increased vertebral translation, angulation,
or collapse.
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In addition to the acute setting, plain imaging
is also frequently used to monitor posttreatment
follow-up. For example, for stable burst fractures
managed with bracing, standing radiographs in
the orthosis are obtained to ensure stability and
that there is no progression of deformity once the
patient is mobilized [32] (Fig. 9.4).

Computed Tomography

Plain radiographs may be limited by soft tissue
shadows and preexisting spondylosis, while com-
puted tomography (CT) displays high-resolution
imaging of the spinal column that provides more
information about the extent of a thoracolumbar
injury than radiographs alone. One study found
that for thoracolumbar trauma, plain radiographs
alone may yield an incorrect diagnosis in as many
as 25 % of individuals with burst fractures and
underestimate their amount of canal compromise
by 20% [33, 34]. CT allows for more accurate
assessment of comminution and perhaps, more
importantly, the ability to detect retropulsed bony
fragments which may influence treatment
options. Because of its greater sensitivity and
efficiency, a single helical CT scan has been
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shown to be preferable to a series of plain radio-
graphs for screening polytrauma patients who
may have spinal injuries [35].

MRI

Cervical Spine

If there are no contraindications, an MRI scan is
obtained in cases of cervical spine trauma when
any of the following criteria are met: (1) the
patient presents with a neurologic deficit; (2) the
integrity of the PLC is unclear, and injury to this
structure would have a direct influence on treat-
ment, such as determining the need for surgery;
and (3) the patient presents with a facet disloca-
tion where there is concern regarding disk hernia-
tion into the spinal canal that may prevent safe
reduction and cause difficulty in deciding on the
correct approach for surgical intervention.
T2-weighted images provide the best initial MRI
review of cervical trauma. These studies have a
so-called myelography effect, in that the cerebro-
spinal fluid (CSF) is bright and the discoligamen-
tous structures are relatively dark or isointense.
T2-weighted images may demonstrate increased
signal within the disk, facet capsules, or posterior

)

ERECT
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Fig.9.4 Standard radiographs of lumbar spine. (a) AP view, (b) lateral view
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interspinous process region, indicative of edema
or frank disruption.

Thoracic and Lumbar Spine

Magnetic resonance imaging (MRI) is the “gold
standard” technique for visualizing soft tissue
injuries associated with thoracolumbar fractures
including disk herniation, epidural hematoma,
ligamentous injury, or intrasubstance injury to
the spinal cord itself. In the thoracolumbar
region, integrity of the PLC is crucial for deter-
mining stability, and MRI is the optimal modality
for discernment [36]. On sagittal views of the
spine, any edema involving the posterior support-
ing structures may be interpreted as a sign of a
traumatic insult to the PLC, and the presence of a
discrete stripe of fluid extending through these
tissues on fat-suppressed T2-weighted images is
indicative of a frank disruption of the posterior
tension band (Fig. 9.5).

C-Spine Clearance

To reduce routine cervical spine imaging in
trauma patients, two competing prediction rules
have been developed and validated: the National
Emergency X-ray Utilization Study (NEXUS)
criteria (Fig. 9.6b) and the Canadian C-spine
Rule (Fig. 9.6a) [37, 38]. The Canadian C-spine
injury prediction rules have better sensitivity and
specificity and reduce unnecessary imaging to a
greater extent, but they are more complex to
apply routinely [37-39]. Applying the Canadian
C-spine Rules in the field may prevent 38 % of
out-of-hospital spine immobilizations [40]. Many
centers use these guidelines to help clear the cer-
vical spine, and if the patient meets the NEXUS
criteria or Canadian rules, then the cervical collar
is removed.

Cervical Spine Injuries

The cervical spine is injured in about 2-3 % of all
patients sustaining blunt trauma, and about two-
thirds of those patients sustain injuries to the sub-
axial spine, with fracture of C7 or dislocation at

Fig. 9.5 MRI of lumbar spine. L3 Chance fracture with
edema between L2 and L3 spinous processes suggestive
of a PLC injury

C7-T1 accounting for almost 17 % of all injuries
[41, 42]. In addition to the usual anatomy shared
with the rest of the spine (i.e., anterior and poste-
rior bony elements, intervertebral disks, joint
capsules, ligaments), the cervical spine also
houses the vertebral arteries in the transverse
foramen (usually from C1 to C6).

The unique anatomy of the upper cervical
spine, i.e., the atlas and the axis, lends it to unique
fracture patterns (Table 9.4).

Regarding the subaxial cervical spine, several
classifications have been proposed including
Allen et al’s, Harris et al’s, and White and
Panjabi’s [16, 43, 44]. In 2008, the Spine Trauma
Study Group devised a new classification scheme
called the Subaxial Injury Classification system
(SLIC) which identifies three major injury char-
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a  For Alert (Glasgow Coma Scale Score = 15)
and Stable Trauma Patients Where
Cervical Spine (C-Spine) Injury is a Concern

1. Any High-Risk Factor That

Mandates Radiography? b
Age 265 Years - No Focal neurological deficit
Dange(:;us Mechanism* - No posterior midline tenderness
or - Alert
Paresthesias in Extremities - N avicEnes of inodesien
iNo - No distracting injuries

2. Any Low-Risk Factor That Yes
Allows Safe Assessment of
Range of Motion?

Simple Rear-end MVCT
or
Sitting Position in ED No
;
Ambulatory at Any Time
or
Delayed Onset of Neck Painf
or
Absence of Midline C-Spine
Tenderness
lYes

3. Able to Actively Rotate Neck?
45° Left and Righ

Unable

Able

No Radiography

"Dangerous Mechanism:
* Fall From >1 Meter/5 Stairs
 Axial Load to Head, eg, Diving
* MVC High Speed (>100 km/hr),
Rollover, Ejection
* Motorized Recreational Vehicles
* Bicycle Collision

TSimple Rear-end MVC Excludes:
* Pushed Into Oncoming Traffic
« Hit by Bus/Large Truck

* Rollover

« Hit by High-Speed Vehicle
*Delayed:

* Not Immediate Onset of Neck Pain

MVC indicates motor vehicle collision; ED, emer-
gency department.

Fig.9.6 (a) Canadian and (b) NEXUS criteria for traumatic cervical spine imaging and cervical collar clearance (From
Stiell et al. [38] and Hoffman et al. [37], respectively)
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Table 9.4 Summary of upper cervical injury characteristics and treatments

Injury Characteristics
Occipital condyle fracture

Craniocervical dissociation
film with dissociation

Atlas fracture

lateral mass)
Atlantoaxial dissociation

Dens fracture
fracture line

Traumatic spondylolisthesis

or facet dislocation

acteristics (injury morphology, discoligamentous
complex (DLC), and neurologic status) with
additional subgroups based on minor characteris-
tics (including spinal level, anatomical osseous
injury descriptors, and injury confounders such
as ankylosing spondylitis, diffuse idiopathic skel-
etal hyperostosis (DISH), prior surgery, ongoing
cord compression, etc.) and grades the injuries
accordingly (Table 9.5) [45].

Within this framework, injury morphology
must be assessed radiographically. The align-
ment of the vertebral bodies, facet relationships,
and soft tissue structures must be examined. The
compression-type injury is defined by a loss of
height of the vertebral body or disruption through
the vertebral end plate. The burst modifier
accounts for those compression fractures that
extend into the middle column. The distraction
injury pattern is identified by vertical dissocia-
tion of the spine, including hyperextension-type
injuries causing disruption of the anterior
longitudinal ligament and subsequent widening
of the anterior disk space.

While fractures of the posterior elements (facets,
laminae, and spinous processes) may be present,
more typically, there may be perched or subluxated
facets through a tensile failure of the ligamentous
restraints. Lastly, the rotation/translation injury is

Types I-11I depending on stability
MRI evidence of dissociation vs. static

Stable (<7 mm of lateral mass
displacement or isolated posterior arch)
Unstable (>7 mm lateral mass
displacement or unilateral sagittal split of

Subtypes based on stability of transverse
atlantal ligament (increasing severity of
rotation— > translation— > distraction)

Types I-1II depending on location of

C2 arch fracture with worsening severity
depending on involvement of C2—C3 disk

Treatment
Cervical collar vs. halo vest

<2 mm displacement: no intervention
>2 mm displacement: PSF occiput to
C2

Stable: rigid collar vs. halo

Unstable: posterior C1-C2 arthrodesis
(possible halo vest for unstable lateral
mass fractures)

TAL intact: closed reduction and
immobilization
TAL disrupted: C1-C2 arthrodesis

Avulsion: external immobilization
Waist fracture: high risk of nonunion

surgery
Body fracture: halo vs. brace

Usually halo vest unless significant
risk to cord or in cases of dislocation
when surgery indicated

defined by horizontal displacement of one vertebral
body with respect to another and usually including
unilateral and bilateral facet dislocations or frac-
ture—dislocations. They may also include fracture
separation of the lateral mass with vertebral sublux-
ation and bilateral pedicle fractures with vertebral
subluxation (“traumatic spondylolisthesis”).

The SLIC also includes assessment of the
DLC, which includes the intervertebral disk, ante-
rior and posterior longitudinal ligaments, interspi-
nous ligaments, facet capsules, and ligamentum
flavam. Its integrity is classified as one of the
three categories: disrupted, indeterminate, and
intact. Disruption of the DLC may be represented
by abnormal facet alignment (articular apposi-
tion<50% or diastasis>2 mm through the facet
joint), widening of the anterior disk space, trans-
lation or rotation of the vertebral bodies, or
kyphotic alignment of the cervical spine. MRI
may reveal high signal intensity on T2-weighted
fat-suppressed sagittal sequences at the disk or
posterior elements. The DLC may be noted to
have an indeterminate injury when plain films and
CT appear normal, but a hyperintense signal is
found through either the disk or the posterior liga-
mentous regions on T2-weighted MR imaging
images, suggesting edema and injury. The DLC is
intact when there is normal spinal alignment in
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Table 9.5 The subaxial injury classification (SLIC) system

Characteristic Subtype Points
Morphology
No abnormality 0
Compression 1
Burst +1 (added to compression for a
total of 2)
Distraction 3
Rotation/translation 4
Discoligamentous complex
Intact 0
Indeterminate 1
Disrupted 2
Neurologic status
Intact 0
Root injury 1
Complete cord injury 2
Incomplete cord injury 3
Ongoing cord compression in setting of a  +1

neurologic deficit

Modified from Patel et al. [45]
If score is <or=3, nonoperative management
If score is>or=5, operative management

If score=4, operative management is decided by individual surgeon

addition to normal disk space and ligamentous
appearance. The last element, the neurologic sta-
tus, may be the most important and may itself
indicate the integrity of the spinal column. The
status is categorized as follows: intact, root injury,
complete cord injury, or incomplete cord injury.
With translation or rotation injuries, the assess-
ment of cord compression should be made after
attempted reduction of the injury.

Surgical versus nonsurgical treatment is deter-
mined by a threshold value of the SLIC severity
score. If the total score is<4, nonoperative treat-
ment is recommended. If the total is>5, opera-
tive treatment, including potential realignment,
decompression, and stabilization, is recom-
mended. Cases with a total score of 4 may be
treated operatively or nonoperatively.

While the SLIC was generated to help stan-
dardize cervical spine trauma management,
intervention may need to be individualized. In
general, mechanical stability, neurologic com-
promise, and patient factors must be considered.
According to White and Panjabi, mechanical
instability may be assumed if there is>3.5 mm
of displacement or relative angulation of>11°.

Patient factors to be considered include con-
comitant injuries, noncontiguous spinal injuries,
smoking, comorbidities, and the ability to real-
istically treat an injury nonsurgically (e.g., the
morbidly obese patient who cannot be fitted
adequately for a halo brace).

Outcomes

Unfortunately, there is a paucity of quality data
regarding management and outcomes for cervical
spine surgery. Many of the purported advantages of
spinetraumasurgery,including therecommendation
for intervention within 24 h, while well accepted,
remain unsupported by high-quality evidence.

The sparse evidence available generally does
support surgical intervention and good outcomes
when indicated. Lee et al. reported a 100 % fusion
rate when treating cervical spine flexion-type
injuries with posterior interspinous wiring; how-
ever, they noted that the maintenance of sagittal
alignment can be challenging [46]. Roy-Camille
et al. used posterolateral mass screws and plates
to treat lower cervical spine injuries and found
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Table 9.6 The thoracolumbar injury classification and severity score (TLICS)

Characteristic Subtype
Morphology
No abnormality
Compression
Burst
Rotation/translation

Distraction
Posterior ligamentous complex

Intact

Indeterminate

Disrupted
Neurologic status

Intact

Root injury

Complete cord injury
Incomplete cord injury

Cauda equina

From Vaccaro et al. [54]
If score is <or=3, nonoperative management
If score is>or=5, operative management

Points

0
1

+1 (added to compression for a
total of 2)

3
4

w N

W W NN O

If score =4, operative management is decided by individual surgeon

that initial reduction and alignment was main-
tained in 85 % of cases [47].

As part of a prospective, randomized, con-
trolled trial for unilateral facet injuries, Kwon
and colleagues reported no difference in patient-
based outcome measures between anterior and
posterior fixation [48].

Postoperative Care

After internal fixation for cervical spine injuries,
the need for postoperative external immobiliza-
tion is diminished. The decision whether to use
additional external fixation is determined indi-
vidually and is generally dictated by the type of
fixation and bone quality. Whereas a polyaxial
screw—rod construct in normal bone may not
necessitate external immobilization, osteoporotic
bone fixed with wiring may.

Generally, a rigid cervical collar is prescribed
for 6 weeks in awake and alert patients who will be
ambulatory following surgery. When ventilator
dependent, an orthosis is avoided to facilitate nurs-
ing and respiratory care. With rigid internal fixa-
tion, the patient can be seated to facilitate

pulmonary toilet and clearance of secretions. If
indicated, postoperative thromboembolic chemo-
prophylaxis can be started on postoperative day 4
or 5, attempting to avoid an epidural hematoma
with earlier administration.

Unfortunately, we do not, as yet, know which
are the best outcome measures, which factors influ-
ence survival in the acute period, and how we can
best maximize neurologic recovery (Table 9.6).

Thoracic and Lumbar Spine Injuries

Thoracolumbar injuries comprise 65-80 % of all
spine injuries among polytrauma patients, the
majority of these located at the thoracolumbar
junction [10—12]. The annual incidence of frac-
ture in patients younger than 60 years is 13 per
100,000 which rises to more than 50 frac-
tures/100,000 in patients above 70 years of age
and to above 100 fractures/100,000 for individu-
als older than 80 years [49]. This increase is
largely secondary to osteoporotic fractures and is
likely even higher given the number of undiag-
nosed fractures [49, 50]. Most of these fractures
in the elderly are compression type and may be
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treated nonoperatively accounting for the rela-
tively low rate of surgical intervention in elderly
patients with thoracolumbar fractures compared
to younger populations (2 % in >60 years old vs.
15 % in <60 years old) [49].

Approximately 20 % of patients with thoraco-
lumbar fractures will develop some type of neu-
rologic deficit [51]. In addition to the extensive
morbidity sustained by these patients, the 1-year
mortality rate of patients with paraplegia or other
catastrophic thoracic or lumbar spinal cord inju-
ries (SClIs) is approximately 4 % [52]. Although
treatment algorithms are identical for elderly
patients with thoracolumbar injuries provided the
patient is healthy enough to undergo surgery,
elderly patients with SCI and their families
should be counseled regarding the relatively poor
prognosis associated with their injury.

Classification

Early classification schemes for thoracolumbar
fractures were aimed at defining stability at this
part of the spine and intended to help guide man-
agement. Denis formulated a classification sys-
tem dividing the spinal structures into three
columns: anterior (anterior half of vertebra/disk
and anterior longitudinal ligament), middle (pos-
terior half of vertebra/disk and posterior longitu-
dinal ligament), and posterior (posterior elements
including the pedicles, facet joints, and remain-
ing ligaments) [51]. From this system, four main
fracture types exist—compression, burst, Chance,
and fracture—dislocations—with an additional 16
subgroups. Any fracture that extends through the
middle column is generally considered unstable.

While other classifications, including the AO
(Magerl) classification, have been proposed,
poor interobserver reliability has been docu-
mented [53].

In an effort to overcome the deficiencies of
prior classification schemes, Vaccaro et al.
developed the Thoracolumbar Injury
Classification and Severity Score (TLICS)
(TABLE) [54]. This scheme focuses on three
parameters which influence spinal stability: (1)
fracture morphology, (2) integrity of the PLC,
and (3) neurologic status. Point values are

assigned based on these factors, and a total score
is calculated that guides surgical decision-mak-
ing. Regarding fracture morphology, three sub-
types exist, increasing in severity: compression,
rotation/translation, and distraction.
Compression injuries are defined by a loss of
height of the vertebral body or disruption through
the vertebral end plate. The burst subtype is a
compression variant which violates the middle
column as well. Rotation/translation injury is
identified by horizontal displacement of one ver-
tebral body with respect to another. Other find-
ings may include unilateral and bilateral
dislocations, facet fracture—dislocations, and
bilateral pedicle or pars fractures. Distraction is
defined by vertical displacement, such as a
hyperextension injury that causes disruption of
the anterior longitudinal ligament, with subse-
quent widening of the anterior disk space.
Fractures of the posterior elements (i.e., facet,
lamina, spinous process) may exist.

As noted previously with cervical spine inju-
ries, the patient’s neurologic status is critical for
surgical decision-making and often indicated the
degree of spinal column injury. Neurologic status
is described in increasing order of urgency: neuro-
logically intact, nerve root injury, complete spinal
cord or cauda equina injury, and incomplete spi-
nal cord or cauda equina injury. Incomplete inju-
ries are most urgent as they stand to potentially
gain the most from surgical intervention.

The TLICS incorporates the integrity of the
posterior ligamentous complex, including the
supraspinous and interspinous ligaments, the
ligamentous flavum, and the facet joint capsules,
in determination of spinal stability. The PLC lim-
its excessive flexion, rotation, translation, and
distraction protecting the cord from damage.
Once disrupted, the ligamentous structures dem-
onstrate poor healing ability and generally require
surgical stabilization. The PLC is graded as
intact, indeterminate, or disrupted, determined
radiographically. Disruption may be indicated by
widening of the interspinous space or of the facet
joints, empty facet joints, facet perch or sublux-
ation, and dislocation of the spine. If frank dis-
ruption is more questionable, for example, with
only edema on MRI, the integrity of the PLC may
be defined as indeterminate.
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Based on these factors, an aggregate score is
calculated, and when>4, surgical intervention is
warranted, while<4 suggests nonsurgical treat-
ment. A patient with a score of 4 may be treated
either surgically or nonsurgically. In the setting
of multiple fractures, management is determined
based on the injury with the greatest TLICS
severity score.

Outcomes

As is the case with cervical spine fractures, out-
come data and prospective studies comparing
operative versus nonoperative management of
thoracolumbar fractures are limited. Dai et al.
reviewed 147 thoracolumbar fractures in poly-
trauma patients and found that the nonsurgical
group, managed with immobilization, had
increased rates of pneumonia and required longer
hospital stays (p<0.05) than the those managed
operatively [55]. Siebenga et al. performed a
multicenter, randomized prospective evaluation
comparing short-segment posterior stabilization
for stable burst fractures with immobilization in a
Jewett brace and found that the operative cohort
had improved kyphosis, better functional scores,
and faster return to work (p <0.05) [56]. However,
Shen et al. found that while surgery allowed for
greater initial correction of kyphosis and earlier
pain relief than immobilization, at 2-year follow-
up, there were no significant differences between
the two groups [57].

Wood et al. performed a randomized, prospec-
tive study comparing surgical and conservative
treatments for stable burst fractures without any
neurologic deficits and at an average of 18 years
follow-up could not identify meaningful improve-
ments for the operative versus nonoperative
group [58]. Those managed with orthoses
reported less disability, greater pain relief, and
fewer complications (P <0.001).

Postoperative Care
There is currently little evidence to suggest that

postoperative bracing regimens give rise to supe-
rior fusion rates or improved outcomes, espe-

cially if the fracture has been stabilized with
internal fixation. Nevertheless, many immobilize
these patients with a corset or thoracolumbosa-
cral orthosis (TLSO) for up to 3 months depend-
ing upon the nature of the injury and healing
response of the patient. Patients are encouraged
to ambulate as soon as possible to reduce the risk
of complications that commonly occur with pro-
longed recumbency. Standing radiographs should
also be reviewed at regular intervals to evaluate
for any radiographic signs indicative of pseudar-
throsis such as worsening kyphosis or collapse of
the fractured vertebra.

Conclusion

Patients sustaining spine trauma have suffered
a potentially life-changing injury. Accurate and
swift diagnosis is essential for dictating opera-
tive or nonoperative management, but a high
index of suspicion and immediate triage in the
form of immobilization and transportation to an
equipped facility is paramount in the effort at
achieving spinal stability. Injury prevention
offers the best option for interventions aimed at
decreasing the medical and social burden of
these injuries. Strategies must aim to prevent or
minimize functional loss by changing modifi-
able risk factors, altering the mechanics of the
injury event, interrupting dangerous biological
responses, and optimizing the initial and ulti-
mate care through surgical or nonsurgical care.
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Introduction

The integration of advanced surgical methods
aimed at restoring form and function in the
human body into the paradigm of rehabilitation
medicine has, until recently, lagged in the area of
neuromuscular respiratory disorders. For several
decades, reconstructive surgeons have been
reporting on various procedures to improve func-
tion to a paralyzed arm or leg, including recon-
structive nerve surgery, muscle or tendon
transfers, and joint fusions. A natural synergy has
occurred over time, where clinicians caring for
patients with paralysis and spinal cord injury
have an understanding of the surgical options and
communicate with their surgical colleagues
regarding proper patient selection for operative
intervention.
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However, neuromuscular dysfunction within
the respiratory system has generally been the sole
responsibility of the clinician, other than referral
for tracheostomy or, more recently, diaphragm
pacemakers. This lack of communication limits
successful reversal of the disorder when noninva-
sive methods fail. It is the fault of neither the cli-
nician nor surgeon in developing, recognizing, or
promoting similar surgical options for patients
with neuromuscular respiratory disorders. Rather,
it has been a lack of focus or basic training of any
surgical specialty to pursue functional restoration
of the neuromuscular pathways in the respiratory
system and a misconception that most central
and/or peripheral nerve lesions within this sys-
tem cannot be overcome.

An anatomical basis for pursuing surgical
techniques to reverse respiratory paralysis exists
just as it does for any other peripheral motor sys-
tem in the human body. For direct insults to the
primary peripheral respiratory nerve, i.e., the
phrenic nerve, microsurgical methods of nerve
reconstruction can be applied to restore or sup-
plement axonal continuity and overcome dia-
phragmatic paralysis.

Successful surgical intervention to restore
neuromuscular recovery following injury can
occur provided the following basic principles
apply. First, there must be inherent maintenance
of the ability for peripheral nerve regeneration
within the individual’s nervous system. The
capacity for nerve regeneration is maintained in
peripheral nerves, even in patients with spinal
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cord injury. Second, surgical methods must be
meticulous and precise. Surgical precision pro-
vides the scaffold upon which the regenerative
process can occur. Finally, there must be ade-
quate rehabilitation of the muscle once reinnerva-
tion has been confirmed. Restoration of normal
or near-normal nerve conduction to a muscle,
especially a rather large muscle like the dia-
phragm, will only result in muscle recovery and
regrowth if intensive rehabilitation is instituted.

Insults to the central nervous system, including
spinal cord injury, stroke, or tumor, may result in
ventilator dependency when the neural pathways
are interrupted between the brainstem respiratory
centers and the peripheral circuitry. Diaphragm
pacemakers, a topic discussed in detail in the fol-
lowing chapter 11, may offer a tremendous thera-
peutic benefit to reduce or eliminate the need for
mechanical ventilation and minimize the associ-
ated morbidity and mortality associated with
long-term ventilatory support. Unfortunately,
there are a subset of patients for whom pacemak-
ers will provide little or no benefit.

A requirement for successful application of a
diaphragm pacemaker is phrenic nerve integrity.
When individuals have insults to their central
nervous system in locations that also results in
loss of the anterior horn cells, there is resultant
peripheral Wallerian degeneration in the phrenic
nerves. It has been estimated that 18 % of all spi-
nal cord injured patients have generalized periph-
eral axonal neuropathy, with tetraplegics having
an even higher incidence [1]. These patients are
often told to expect a life-long dependency on the
ventilator. Recently, we have been able to demon-
strate the restoration of phrenic nerve integrity
using reconstructive nerve surgery, permitting
successful use of a diaphragm pacemaker, a
report that supplements an earlier, primary
description of these methods [2, 3]. For these
unfortunate patients, there may be an option to
overcome the debilitating and life-shortening
impact of chronic ventilator dependency.

In our quest to have a range of reconstructive
surgical options to remedy the neuromuscular dys-
function regardless of severity, we are developing
methods for diaphragm muscle replacement. Just
as facial or upper extremity muscles can be

Fig. 10.1 Exposure of diaphragm through transthoracic
approach and mobilization of pedicled rectus abdominis
muscle flap in a cadaver (Courtesy and with gratitude to
donors of UCLA Donated Body Program)

“replaced” by transferring vascularized, inner-
vated muscle from somewhere else in the body,
and expect it to function in a similar manner to that
which it is replacing, the same may be true for the
diaphragm. When these capabilities are realized
through ongoing clinical evaluation, the surgical
options would be comprehensive in nature in terms
of replacing most major components of the neuro-
muscular pathways within the respiratory system.
Specifically, the absence of a derived impulse due
to the CNS (central nervous system) disorder
could be overcome by the transmitted impulse
from the diaphragm pacemaker, a nerve transfer to
restore axonal circuitry to the degenerated phrenic
nerve, and a muscle that has not undergone dener-
vation atrophy (in a high cervical tetraplegic), such
as the rectus abdominis, may be transferred to
replace or enhance what may be an irreversibly
atrophic diaphragm (Fig. 10.1).

Neuromuscular Anatomy
and Physiology of the Respiratory
System

Central Pathways

The anatomy and physiology of the respiratory
system is somewhat unique. There is a baseline
level of involuntary activity necessary to sustain
breathing during sleep as well as a conscious


http://dx.doi.org/10.1007/978-3-319-41406-5_11

10 Phrenic Nerve Reconstruction for Diaphragmatic Paralysis and Ventilator Dependency 17

“override” that may be invoked. Brainstem
nuclei transmit impulses through the anterior
horn cells to initiate an inspiratory effort.
Alternatively, respiratory centers in the cerebral
cortex may stimulate a respiratory event through
a conscious effort. There are established connec-
tions between both sides of the brainstem,
including a described “cross phrenic phenome-
non,” whereby a cord hemisection disrupting
ipsilateral respiratory activity will be restored
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Fig.10.2 Neuromuscular pathway of the respiratory sys-
tem, including the phrenic nerves arising from the third
through fifth cervical roots; the descent of the phrenic
nerves through the cervical region, mediastinum, and

through a rerouting of impulses from the contra-
lateral, uninjured side [4-6].

The Muscles of Respiration

After descending to the upper cervical region
(C3-5), the conduction proceeds extradural through
the cervical roots and phrenic nerves, downward
toward each hemidiaphragm (Fig. 10.2). The
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chest cavities; and the intramuscular branching pattern of
the phrenic nerve within the diaphragm to innervate all
muscular segments
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diaphragm is the primary inspiratory muscle, work-
ing in conjunction with several accessory respira-
tory muscles to expand the thoracic cavity in a
vertical dimension, while intercostal muscles are
primarily responsible for horizontal expansion of
the ribcage. The entire process is a coordinated
ensemble of contraction in the trunk musculature,
including the trapezius, sternocleidomastoid, pec-
toralis major/minor, small strap muscles of the
neck (hyoid musculature), intercostals, and abdom-
inal muscles. The lung expands passively as a result
of the facilitated increased thoracic domain, and an
exchange of inspired gases occurs. The diaphragm
maintains a critical role in this process through its
action of increasing thoracic volume and opposing
abdominal forces acting against it. The expiratory
phase of breathing involves a different subset of
muscles aimed at reversing the dimensions of the
thoracic cavity back to its resting state.

The Phrenic Nerve

The phrenic nerve is a peripheral nerve arising
from C3-5 and contains primarily motor fibers,
although there are a small group of sensory fibers
innervating primarily the pericardium. The
course of the nerve is deep in the neck, subjacent
to the prevertebral fascia, and just above the ante-
rior scalene muscle (Fig. 10.3). A majority of

Fig.10.3 Phrenic nerve (looped) coursing longitudinally
along anterior scalene muscle (overlying prevertebral fas-
cia has been cleared)

humans also have a smaller branch, called the
accessory phrenic nerve, which runs a parallel
but often variable course in the neck, typically
joining the more dominant phrenic nerve proper
at the base of the neck or in the mediastinum [7].
After entering the mediastinum, the phrenic
nerve increases in caliber and travels between the
lung and midline structures. In the region of the
heart, the phrenic nerves on both sides are located
close to or within the pericardial fat and descend
within these tissues to reach their terminal inser-
tions in the medial portions of each diaphragm.
The nerves branch rather extensively within each
hemidiaphragm in order to innervate all portions
of these broad and wide muscles.

The Diaphragm

The primary respiratory muscle is skeletal in nature
and is divided into two hemidiaphragms by its mid-
line central tendon. The lateral attachments to each
chest wall and its position in the center of the trunk
account for its importance in body posture and sta-
bility. An excellent reference for the diaphragm’s
role as a postural stabilizer [8]. The structural
makeup of the diaphragm consists of approximately
50% slow-twitch (type I) and fast-twitch (type II)
muscle fibers according to postmortem human
research [9, 10]. The resting thickness of the dia-
phragm muscle when measured at its so-called zone
of apposition is estimated to be roughly 1.5 mm,
expanding by 2 mm with functional activation [11].

Diaphragmatic Paralysis
Incidence and Etiology

The true incidence of diaphragmatic paralysis is
currently unknown, in part because of the variety of
etiologies. The most common peripheral etiologies
are iatrogenic or traumatic events impacting the
neck, mediastinum, or chest (Table 10.1). Cardiac
surgery procedures such as coronary artery bypass
or valve replacement have been associated with
phrenic nerve injury or abnormal diaphragm find-
ings in anywhere from 1 to 80 % of cases [12—14].
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Table 10.1 Suspected etiology of diaphragmatic paraly-
sis in published series

Suspected etiology No. (%)
Nerve block (interscalene/epidural) 18 (27)
Neck/spine trauma 16 (24)
Cardiac operation 11 (16)
Neck operation (thyroid, lymphadenectomy) 5 (7)
Chiropractic 5(7)
Thymectomy 3(4)
Radiofrequency ablation (cardiac) 3(4)
Thoracic outlet operation 3(4)
Carotid-subclavian bypass 2(3)
Pulmonary lobectomy 2(3)
Total 68 (100)

Reprinted with permission, Kaufman et al., Annals of
Thoracic Surgery

Interscalene nerve blocks performed for
shoulder surgery previously resulted in a 100 %
incidence of temporary diaphragmatic paralysis
as a result of anesthetic effect on the phrenic
nerve. However, altered dosing regimens and use
of ultrasound guidance have reduced the risk [15,
16]. Permanent diaphragmatic paralysis after
interscalene block has been reported, though the
incidence has not been determined [17, 18].
Chiropractic neck manipulation also has been
associated with phrenic nerve injury in the neck,
likely a result of either a traction-type nerve
injury from the sudden jolting or perhaps a post-
inflammatory effect on the nerve, especially if
recurrent treatments prevent complete internal
healing to occur [19, 20]. Other surgical proce-
dures in the neck that have been reported to have
an association with diaphragmatic paralysis
include: carotid-subclavian bypass, thoracic out-
let surgery, and cervical lymphadenopathy [21].

Mediastinal procedures such as thymectomy,
especially for malignancy, have an association
with phrenic nerve injury with a reported rate of
1-2% [22, 23]. Aortic or mitral valve repairs/
replacements may lead to phrenic nerve injury in
the upper thoracic cavity. It is not yet known
whether recently developed, minimally invasive
methods of valve surgery will alter incidences of
nerve injury. Phrenic nerve injury resulting from
cardiac bypass surgery is most often due to either
hypothermic damage from the use of heart cooling

or direct injury during isolation and transfer of the
internal mammary artery pedicle. Procedures per-
formed to alleviate atrial fibrillation, such as the
MAZE procedure and cardiac ablation, have both
been reported to result in diaphragm paralysis.
Patients with this etiology of phrenic nerve dys-
function have been evaluated, and their conditions
are successfully reversed by the senior author
(M.R.K) using techniques discussed below [3, 24].

Carcinoma of the lung requiring partial or
complete resection may require intentional sacri-
fice of the phrenic nerve or, alternatively, result in
diaphragmatic paralysis as an unintended conse-
quence [25]. Patients undergoing lung transplan-
tation may also suffer the effects of phrenic nerve
injury due to the extensive restructuring of the
thoracic cavity [26]. Trauma to the neck and
chest may also lead to isolated phrenic nerve
injuries or in combination with other neural
structures, such as the brachial plexus or cranial
nerves. A severe traction injury, when the shoul-
der is jolted forcefully in an opposite direction
from the neck, puts substantial tension on the
nerves coursing through the lower lateral cervical
region [27]. Furthermore, there is often a result-
ing inflammatory process creating edema within
the soft tissues of the neck. If this process does
not resolve rather rapidly, the result is post-
inflammatory fibrosis and adhesions.

Similar to other compression neuropathies in
the upper and lower extremities, the phrenic
nerve may easily be entrapped within the con-
fines of its intra-fascial pathway, leading to con-
duction disturbances. A chronic, severe
compression of any peripheral nerve may lead to
segmental anoxia and axonal loss, a process that
cannot be reversed spontaneously despite our
inherent ability for nerve regeneration [28].

There may be certain patients who may be
more susceptible to iatrogenic and traumatic
phrenic nerve injury. The double-crush phenome-
non, originally described by Upton and McKomas
in 1973, describes the susceptibility of a second
site of nerve injury along a neural pathway when
one already exists [29]. For example, patients with
cervical spine radiculopathy are more susceptible
to carpal tunnel syndrome [30]. Similarly, patients
with unilateral or bilateral phrenic nerve injuries
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resulting from trauma or surgery commonly pres-
ent with degenerative cervical disease impacting
the third through fifth cervical roots. We have also
evaluated and treated numerous patients for dia-
phragmatic paralysis who have known, or subclin-
ical cervical disease, but do not provide a clear
traumatic or iatrogenic etiology. While the C-spine
MRI often demonstrates foraminal narrowing or
mild spinal stenosis in these patients, the only pre-
senting clinical symptom is chronic dyspnea with
exertion from a paralyzed diaphragm.

Idiopathic paralysis and viral neuritis (i.e.,
Parsonage-Turner syndrome) are other etiologies
for diaphragmatic paralysis reported in the litera-
ture [31, 32]. Parsonage-Turner syndrome was
originally described in 1948 as a condition that
only affected the brachial plexus but is now used
interchangeably, in addition to neuralgic amyot-
rophy, to describe isolated or combined insults to
the brachial plexus and phrenic nerve(s) as a
result of an inflammatory neuropathy. Although
viral neuritis has very specific presenting sign
and symptoms (e.g., fever, malaise, arm weak-
ness, nausea/vomiting) that may be correctly
diagnosed when exhibited in close temporal rela-
tion to the onset of dyspnea, idiopathic paralysis
is truly a diagnosis of exclusion.

Central nervous system disorders may also
cause diaphragmatic paralysis, often with bilat-
eral muscle dysfunction, resulting in the need for
oxygen supplementation or dependency on
mechanical ventilation. Rates of ventilator
dependence in high cervical spinal cord injury
can reach as high as 71 % [33]. It is estimated that
20 % of these injuries will also result in Wallerian
degeneration within the phrenic nerves as a result
of the loss of anterior horn cells.

Amyotrophic lateral sclerosis (ALS) and other
bulbospinal neuropathies lead to demyelination
and axonal loss within the phrenic nerves.
Diaphragmatic paralysis in ALS almost univer-
sally results in complete ventilator dependency in
later stages of the disease and, ultimately, is one
of the leading causes of mortality [34]. Other
CNS conditions that are associated with dia-
phragmatic paralysis include: central hypoventi-
lation syndrome, brainstem tumor, stroke, and
cervical cord compression [35, 36].

Signs and Symptoms

Unilateral diaphragmatic paralysis will rarely result
in a need for mechanical ventilation. However, in
this clinical scenario, there is often a co-diagnosis of
sleep-disordered breathing for which nocturnal pos-
itive pressure oxygen may be necessary [37].
Individuals with this disorder typically report dys-
pnea with exertion, orthopnea, and easy fatigability
[38]. Quality of life assessments reveal disturbances
on measures of physical functioning and indicate
that traditional perceptions suggesting one can live
unaffected by a paralyzed diaphragm have underes-
timated the significance of the problem [3]. Other
presenting symptoms of unilateral paralysis include:
gastroesophageal reflux for left-sided diaphrag-
matic paralysis, chest wall discomfort, abdominal
bloating, chronic cough, breathlessness, depression,
and postural asymmetries/pain.

On examination, the most obvious finding is
diminished breath sounds at the base on the
involved side when auscultating the lung fields.
Occasionally, there will be a Tinel’s sign in the
supraclavicular region of the neck, supporting the
diagnosis of a phrenic neuropathy in the cervical
region. Unless the diagnosis is due to a major
insult to the cervical roots and/or brachial plexus,
examination of the upper extremities will be
unremarkable. Alternatively, traumatic injury to
the brachial plexus has a reported association
with diaphragmatic paralysis due to phrenic
nerve injury in 10-20 % of cases [39].

Evaluation

Diaphragmatic paralysis is most reliably diag-
nosed on a sniff test — chest fluoroscopy performed
with a deep nasal inspiratory effort — and is
revealed by either absence of movement or para-
doxical (upward) movement, indicating a flail,
atonic diaphragm muscle. Paretic muscle dys-
function, or partial paralysis, may also be diag-
nosed by observing reduced descent of the muscle
upon inspiration, when compared to the contralat-
eral, normally functioning side. For most patients,
performing the diagnostic study in supine and
upright positions can reveal differences that may
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assist in qualifying the severity of the dysfunc-
tion. The sniff maneuver may also be performed
while observing with ultrasonography, thus per-
mitting more accurate measurements of dia-
phragm thickness.

Spirometry evaluation in patients with dia-
phragmatic paralysis will typically reveal a
restrictive  ventilatory deficit, though well-
conditioned individuals with unilateral paralysis
may often have the percent predicted values
within a normal range for their age. Alternatively,
there are other patients with diaphragmatic paral-
ysis who develop secondary pulmonary disor-
ders, such as asthma or sleep-disordered
breathing, and demonstrate mixed restrictive-
obstructive deficits on spirometry testing. When
bilateral diaphragmatic dysfunction is present,
for example, in patients with cervical stenosis,
the results of spirometry testing will usually indi-
cate much more severe restrictive ventilatory
deficiencies.

Radiographic imaging using CT or MRI
modalities is almost always appropriate to rule
out organic pathology, such as degenerative cer-
vical disease or tumor, and should be recom-
mended based on the particulars of patient
history. For example, individuals with a history
of neck or back pain, especially with concomitant
upper extremity weakness or paresthesias, require
cervical MRI to look for cord compression.
Alternatively, patients with diaphragmatic paral-
ysis, whose history is significant for benign or
malignant tumors of the thyroid, thymus, breast,
or lung, require imaging to eliminate tumor
pathology causing neural injury.

Electrodiagnostic evaluation is important for
quantifying the extent of phrenic nerve injury and
severity of muscle atrophy and is discussed more
thoroughly in its own chapter. The phrenic nerve
conduction study is often performed in conjunc-
tion with an upper extremity evaluation to assess
conduction velocity and latency. Normative val-
ues have been described. In cases of unilateral
paralysis, the normally functioning side is often
used as the baseline for comparison [40].
Diaphragm electromyography is included in a
comprehensive evaluation to assess motor ampli-
tude deficits and assists in stratifying those

patients that may be candidates for phrenic nerve
reconstruction. The technical difficulty of this
assessment supersedes that of most other electro-
diagnostic testing due to the muscle not being
readily accessible transcutaneously and the inher-
ent risk of pneumothorax.

Neuromuscular Pathology

The pathological processes responsible for dia-
phragmatic paralysis typically involve one or
more sites of insult to the neuromuscular path-
way. This pathway originates in the brain and
cervical spine, emerges through the cervical roots
3-5, extends down the phrenic nerve, and termi-
nates beyond the neuromuscular junction in the
diaphragm itself. Aside from the central nervous
system disorders previously described, e.g.,
stroke, spinal cord injury, and ALS, direct injury
to the cervical roots and/or phrenic nerve may
occur in any number of ways.

Peripheral nerve injury can result from com-
plete transection or alternatively can be the conse-
quence of traction, (hypo-)thermal, compression,
or pharmacological injury. Regardless of the man-
ner in which the injury is sustained, in all non-
transection processes, the end result is usually
segmental nerve anoxia leading to demyelination
and, ultimately, axonal loss. This description fol-
lows the nerve injury classification system of
Seddon and Sunderland that has gained universal
acceptance and forms the basis for current surgi-
cal treatment algorithms [41].

Treatment Options
for Diaphragmatic Paralysis

Positive Airway Pressure
Supplementation (CPAP/BiPAP)

Continuous positive airway pressure (CPAP) and
bi-level positive airway pressure (BiPAP) are two
treatment modalities for respiratory sleep disorders
that effectively maintain airway patency and reduce
or prevent apneic events. The reduction in inspira-
tory muscle force that occurs with diaphragmatic
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paralysis commonly leads to sleep abnormalities
detectable on polysomnography. Positive airway
pressure supplementation using either CPAP or
BiPAP is a recommended treatment, although the
ability to maintain higher pressures during inspira-
tion and then provide a lower level during the expi-
ratory phase would seem to favor BiPAP for an
inspiratory muscle disorder. This may distinguish
sleep disorders due to isolated diaphragmatic paral-
ysis from obstructive sleep apnea patients with
upper airway obstruction that could benefit from
higher pressures during both phases of breathing.
Khan et al. (2014) retrospectively reviewed 66
patients with unilateral or bilateral diaphragmatic
paralysis, all of whom exhibited abnormal sleep
studies consistent with sleep-disordered breathing
[42]. Patients exhibited demonstrable improve-
ments using positive airway pressure supplementa-
tion. Unsurprisingly, less than 40 % tolerated CPAP
with the rest requiring BiPAP.

Plication of the Diaphragm

This section will focus on mechanics, method,
timing, and results of diaphragmatic plication.
The surgical restructuring of the diaphragm
attempts to expand the thoracic volume and elimi-
nate paradoxical motion in order to improve ven-
tilation mechanics and pulmonary function and
decrease symptomatic dyspnea. Diaphragmatic
plication is indicated when symptomatic dyspnea
occurs secondary to permanent phrenic nerve
paralysis, and other methods of reinnervation or
pacing are not available. Contraindications are
relative and depend on the severity of the comor-
bidity and the significance of the dyspnea.

The vital role of the diaphragm in respiration is
obvious, though its contribution varies based on
position and sleep. The diaphragm is responsible
for 56 % of the tidal volume in the awake, supine
patient and up to 81 % during periods of deep
sleep [43]. The aim of plication is to minimize the
loss of thoracic space and prevent paradoxical
motion. Plication decreases atelectasis of the
involved lung and improves ventilation perfusion
mismatch [44, 45]. Wright et al. demonstrated
this diaphragmatic correction results in a signifi-

cant increase in total lung capacity, vital capacity,
expiratory reserve volume, functional residual
capacity, and arterial PaO,. Diaphragm plication
has also been found to improve spirometry results
when testing is performed in both sitting and
supine positions [46].

The traditional approach is through standard
posterolateral thoracotomy [46-49]. With the
advent of modern, minimally invasive surgery, a
video-assisted thoracic surgical (VATS) approach
has slowly replaced open thoracotomies [49, 50].
Gazala and colleagues examined 126 studies on
diaphragmatic paralysis, reviewing 13 represent-
ing the best evidence of repair, and compared
VATS approach with thoracotomy. They found
that a VATS approach achieves similar results
based on pulmonary function tests (PFTs), dys-
pnea scores and functional assessment with
shorter length of stay, lower complications rates,
and mortality rate [51]. Several authors have sup-
ported a laparoscopic approach [52-54]. Both
VATS and laparoscopic approaches are mini-
mally invasive and offer unique benefits. There is
no clear benefit of either, and the approach should
be dictated by the surgeon’s preference and expe-
rience [54]. The technique involves a suture line
running parallel to the thoracotomy that is
repeated until appropriate tension is created [46,
47]. Others have described a series of horizontal
mattress sutures with or without pledgets in vary-
ing directions [44, 50, 52, 54].

The timing of the repair is based on the likely
mechanism of injury. Cold ice slurry cardioplegia
is probably the most thoroughly studied etiology
of phrenic nerve injury. Several studies have
demonstrated that cold injury to the phrenic
occurs in 52-69 % of patients, though it may
resolve up to 2 years after the initial insult [14,
38, 48, 55, 56]. Although no conclusive studies
exist on the perfect timing of repair in permanent
injury, a 6-month waiting period typically allows
for sufficient recovery from the time of injury in
order to determine permanent damage. Plication
should be reserved for those patients with docu-
mented diaphragmatic paralysis and a significant
dyspnea score. Morbidly obese patients and those
with long-standing paralysis seem to be less
likely to benefit from this repair [49]. Although
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only one of four vent-dependent patients was
weaned from the ventilator after plication, 17 of
19 patients who were unable to work secondary
to dyspnea were able to return to work by 6
months following plication [44].

Phrenic Nerve Reconstruction
Background

Scattered case reports in the 1980s and 1990s
have described typically the acute repair of the
phrenic nerve following trauma or after tumor
resection [57, 58]. Until recently, it was not
widely accepted to pursue delayed nerve repair in
patients with unilateral or bilateral diaphragmatic
paralysis. While brachial plexus injuries have
been treated for decades in an acute or delayed
manner using well-established nerve reconstruc-
tion methods, there has not been the same focus
for phrenic nerve injuries, leaving diaphragm pli-
cation as the only interventional therapy. In 2011,
the primary author published the first small series
on successful phrenic nerve reconstruction, dem-
onstrating partial or complete diaphragmatic
recovery in 89 % of the treatment group [24].

Surgical Treatment

The successful surgical treatment of phrenic
nerve injuries occurs in a clinical scenario of a
segmental nerve injury in the neck, mediastinum,
and/or chest cavity. These injuries are amenable
to a combination of nerve decompression and
interposition grafting or neurotization. For exam-
ple, patients with phrenic nerve injury occurring
from interscalene nerve blocks performed during
rotator cuff surgery are often found intraopera-
tively to have dense fibrous and vascular adhe-
sions in the region of the C5 root contribution to
the phrenic nerve and proximal phrenic nerve
proper. Appropriate therapy consists of meticu-
lous nerve decompression and interpositional
grafting to “bypass” the site of lesion. Both
techniques are believed crucial to maximizing
success since it is not possible to confirm during

surgery whether decompression has sufficiently
reversed the pathological process.

We have described pathological findings from
various causative etiologies of phrenic nerve
injury, including “Red Cross syndrome.” In this
syndrome, the phrenic nerve is subject to com-
pression neuropathy from an adherent and tortur-
ous transverse cervical artery and/or vein, likely
the result of a post-inflammatory process
(Table 10.1) [59]. Similar to other peripheral
nerve surgical procedures, a successful outcome
is based upon various factors, most notably
superb technical methods and intensive rehabili-
tation to strengthen the atrophic muscle once
reinnervation has been confirmed. Accordingly,
the recovery process can be prolonged, often
requiring 2-3 years for optimal recovery.

Outcomes

Comparing results of phrenic nerve reconstruction
to both historical cohorts from a meta-analysis of
diaphragm plication outcomes, and a control group
of nonsurgical observation, we have demonstrated
at least a functional equivalency to plication at
1-year follow-up and results that are far superior to
no treatment [3]. Furthermore, electrodiagnostic
recovery, including both a 69 % improvement in
conduction latency and a motor amplitude increase
of 37 %, was significant in the phrenic nerve sur-
gery group. This improvement did not occur with
plication surgery or the nonsurgical group. Based
upon the likelihood of slow, progressive improve-
ment expected with aggressive rehabilitation proto-
cols, we believe that successful outcomes of
phrenic nerve surgery would likely supersede those
of plication with longer follow-up.

Treatment Algorithm

In developing successful nerve reconstruction
methods to restore function to a paralyzed
diaphragm, it is now possible to create a
comprehensive treatment algorithm for this con-
dition that includes both phrenic nerve surgery
and diaphragm plication for cases of unilateral
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paralysis. An important concept in this algorith-
mic approach is that failure to reinnervate the
paralyzed diaphragm after phrenic nerve surgery
does not preclude a subsequent attempt at plica-
tion, whereas the failed plication would not be
favorable for nerve surgery due to the likelihood
of dense scarring in the muscle itself. Therefore, if
electrodiagnostic testing reveals intact voluntary
motor units, phrenic nerve surgery should be
offered as the first-line treatment. Alternatively, if
progressive deterioration in the muscle is evident
on electromyography or the patient is a poor can-
didate (i.e., elderly, diabetic neuropathy, immuno-
suppressed), the likelihood of reinnervation is
vastly reduced, and the patient is better served
with a plication procedure (Figs. 10.4 and 10.5).

Fig. 10.4 Intraoperative example of “Red Cross syn-
drome,” a vascular compression of the phrenic nerve
(looped proximal and distal to the crossing blood vessel)
caused by the transverse cervical artery
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Ventilator Dependency
Demographics

Spinal cord injury in the cervical region leads to
complete or incomplete tetraplegia, with a 38 %
incidence of ventilator dependency at the time of
hospital discharge [60]. Based on an estimated
12,500 new spinal cord injuries annually in the
United States, roughly 60 % of which are partial
or complete tetraplegia, there are approximately
1600 new cases per year of ventilator dependency
associated with this debilitating condition. The
premature morbidity and mortality associated
with ventilator dependency in these patients have
been clearly documented as well as the increased
healthcare costs accrued despite a reduction in
longevity.

Amyotrophic lateral sclerosis (ALS) is another
neurological disorder leading almost universally
to ventilator dependency. There are an estimated
5600 new cases of ALS annually in the United
States or an incidence of 2 per 100,000 per year
[61]. Similar to spinal cord injury statistics, the
impact of ventilator dependency is profound,
with respiratory causes of mortality as the pri-
mary source of early mortality in this disease.
There are several other central nervous system
disorders frequently leading to partial or com-
plete ventilator dependency, including central
hypoventilation syndrome, stroke, Pompeii’s dis-
ease, and brainstem tumors.

Consequences of Positive Pressure
Ventilation on the Diaphragm

A landmark study by Levine et al. (2008) clearly
demonstrated rapid disuse atrophy occurring in
the diaphragm muscles of patients requiring
positive pressure ventilation [62]. After only 18 h
of mechanical ventilation, there was a 57%
decrease in the more functional type I slow-
twitch fibers compared to controls. Oxidative
stress and proteolysis were seen even with lim-
ited periods of inactivity. Although it is unclear
whether the early and rapid deterioration is
reversible, the implications are likely profound

pertaining to the impact on the diaphragm in
patients requiring anything more than a few days
of mechanical ventilation.

In ventilator-dependent cervical tetraplegics,
it is necessary to evaluate carefully the effective-
ness of noninvasive weaning methods and con-
sider the negative consequence of prolonging
inevitable weaning failure. Although, in many
cases, the implementation of well-established
weaning methods leads to independent respira-
tory activity over a period of weeks to months
following injury, it must be remembered that
interventional treatment options, such as dia-
phragm pacemakers, require an intact phrenic
nerve and at least some functional muscle to be
effective. Long-term ventilator dependency
undoubtedly leads to the transgression of a
threshold beyond which there is profound irre-
versible diaphragmatic atrophy. Especially in
patients who have cervical spinal cord injury and
concomitant phrenic nerve degeneration, that
timeframe is likely to be 18-24 months, after
which time there may be complete loss of the
motor end plates and a dramatic reduction in the
success of any surgical intervention [63].

Treatment Options

Diaphragm pacemakers can be extremely effec-
tive at partially or completely reversing ventilator
dependency in high cervical tetraplegia [64]. The
history of diaphragm pacing and an explanation
of the technique will be detailed in another chap-
ter. However, it is critical to also focus on those
patients that are deemed unsuitable for this thera-
peutic option. As mentioned previously, when
there is loss of phrenic nerve integrity, diaphragm
pacemakers will be ineffective. These unfortu-
nate patients are often told there is no chance at
ventilator weaning, and they must accept a life on
mechanical ventilation with the associated mor-
bidity and early mortality.

In 2000, Krieger and Krieger published the
first report of simultaneous nerve transfers and
pacemaker implantation to overcome ventilator
dependency in patients with combined spinal
cord injury and phrenic nerve degeneration [2].
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The rationale for the dual approach was to first
restore phrenic nerve integrity by transferring an
intact nerve source that could subsequently per-
mit pacemaker activation of the diaphragm. More
recently, the primary author (M.R.K.) demon-
strated a 93 % reinnervation rate in 14 patients
undergoing nerve transfers and pacemaker
implantation [65]. Partial or complete ventilator
weaning was achieved in 62%, and it was
believed that due to an average interval of 34
months between injury and treatment, many
patients had suffered significant and irreversible
diaphragm atrophy preventing clinical success.

Increasingly, rehabilitation efforts for spinal
cord injury patients have focused on functional
electrical stimulation of peripheral nerves to pre-
vent irreversible muscle atrophy [66]. Although
this has been applied primarily for the upper and
lower extremities, conceptually this could also
prevent diaphragmatic atrophy in patients that
may eventually be weaned or in more severe inju-
ries when noninvasive methods are more likely to
be unsuccessful, thus necessitating surgical inter-
vention. The application of electrical stimulation
in this latter setting would most certainly increase
the likelihood of achieving independent respira-
tory activity with or without a pacemaker.
Unfortunately, the technical difficulty of placing
transcutaneous electrodes near the phrenic nerve
or nerve-muscle interface makes noninvasive
stimulation therapy more challenging than it is
for the extremities.

In spinal cord injury patients who have suf-
fered irreversible and severe diaphragmatic atro-
phy, it is possible to consider the most
sophisticated reconstructive techniques for
restoring the neuromuscular components of the
respiratory system. In addition to the use of nerve
reconstruction and implantation of a diaphragm
pacemaker, an atrophic diaphragm may be
“replaced” or ‘“enhanced” by transferring an
intact muscle with its own neurovascular connec-
tion. This application would not be unique to the
respiratory system but is considered standard
practice for the most severe injuries in the facial
muscles and extremities [67]. Replacing or
restoring diaphragm neuromuscular activity has
also been reported in young children with

congenital diaphragmatic hernia [68]. As of this
writing, we have begun clinical application of
this comprehensive procedure and have demon-
strated immediate, intraoperative activity of the
neo-diaphragm using an implanted pacemaker.
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Phrenic Nerve Graft Surgery:
Implications Far Beyond Breathing

Mary Massery

Introduction

Decreased endurance and dyspnea may be the
primary presenting symptoms of unilateral or
bilateral diaphragm paralysis, but further evalua-
tion may expose a host of other adverse physical
consequences. In order to understand the wide
array of physical symptoms reported with unilat-
eral or bilateral diaphragm paralysis, it is critical
to understand the diaphragm’s role as the body’s
major pressure regulator.

The diaphragm plays a major role in dynamic
stabilization of the trunk and spine [1, 2]. The
diaphragm is situated in the middle of the trunk,
completely separating the thoracic and abdomi-
nal cavities, with external valves at the top (vocal
folds) and at the bottom (pelvic floor). Hence, the
diaphragm’s movements cause a constant fluctu-
ation in intra-abdominal and intrathoracic pres-
sures, allowing the diaphragm to simultaneously
manage respiration and spinal stabilization needs
[3, 4]. This can be easily visualized as a soda pop
can which uses internal pressure to stabilize the
flimsy aluminum walls (dynamic spinal stability)
(see Fig. 11.1) [5]. The ability of the trunk to con-
trol multiple functions, such as respiration, spinal
stability, balance, limb force production, voicing,
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and continence, is dependent on finely regulated
pressure changes, with the diaphragm as the
prime contributor [6-8]. Thus, with diaphragm
paralysis, besides the obvious breathing impair-
ment, a whole range of unintended consequences
need to be assessed.

When disease or trauma, such as a phrenic
nerve injury, prevents or limits the diaphragm
from significantly contributing to inspiration,
there is a substantial risk of secondary prob-
lems with balance and spinal control [9, 10].
The altered motor control of the trunk can lead
to musculoskeletal consequences including
chronic pain (most often low back, neck,
shoulder, or hip pain), shoulder range of
motion restrictions, and/or pelvic floor dys-
function [8, 11]. The relationship of the dia-
phragm to upright postural control goes far
beyond inspiration. The critical relationship of
the diaphragm to respiratory and postural con-
trol function means that all patients with
phrenic nerve paralysis should be screened for
impairments of both functions.

Physical Therapy (PT) Preoperative
Assessment

A physical therapist should assess the patient’s
breathing and postural presentation with this
broader understanding of the diaphragm’s multi-
ple roles. Recommended assessments are listed
in Table 11.1.
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Vocal folds and
glottal structures

=

+——— Thoracic cavity
A" —— Diaphragm
+—— Abdominal cavity

Pelvic floor ———

Fig. 11.1 Soda pop can model of postural control. The
diaphragm is the body’s major pressure regulator, com-
pletely separating the thoracic and abdominal chambers.
Together with the superior valve (vocal folds) and inferior
valve (pelvic floor), the diaphragm simultaneously con-
trols trunk pressure for breathing and postural stability,
which functionally links the top and the bottom of the can

Respiration

Pulmonary Function Tests (PFT) The combina-
tion of forced vital capacity (FVC) and the ratio
of forced expiratory volume in one second to
FVC (FEV1/FVC) are commonly used to clarify
the severity of the lung restriction [12].

Compensatory Breathing Patterns Analysis of
the patient’s breathing pattern should be screened
to identify which substitution patterns are used to
achieve inspiratory lung volumes at rest (tidal
volume) and with effort (vital capacity). Did the
patient compensate in a functional manner or did
the adaptive strategy add a burden to their pulmo-
nary efficiency or postural control? PTs should
assess the patient’s breathing strategy in multiple
postures and activities presurgically for post-
nerve regeneration comparison. Specific manual
palpation exam of both hemidiaphragms during
inhalation should be done to determine the con-
tributing function of each hemidiaphragm for
postsurgical comparison. Where available, a vid-
eofluoroscopy or an ultrasound test can confirm
or refute the therapist’s manual palpation find-
ings, which will be helpful for postoperative
comparison [13, 14].

Table 11.1 Preoperative PT assessment should ideally

address the following potential impairments

Respiration Pulmonary function tests
Compensatory breathing
patterns, assessed in multiple
postures and activities

Chest wall excursion (CWE)
Sleep-disordered breathing
Mobility tests (i.e., 6-min walk
test)

Perceived exertion during
activities

Endurance

Postural alignment
in upright, especially

Spine and neck
Rib cage
Shoulders
Pelvis/hips
Pediatric vs. adults
Balance

Gait deviations
Pain

Continence

Postural stability

Chest Wall Excursion (CWE) CWE measure-
ments can quantify the chest movements and
have been shown to have good inter-/intra-tes-
ter reliability after minimal training [15, 16].
Suggested measurement sites that capture the
common variations of breathing patterns are (1)
level of the third rib (axilla), (2) xiphoid pro-
cess, and (3) half the distance from xiphoid to
umbilicus [17] (Fig. 11.2). CWE should be
tracked through rehabilitation, hopefully show-
ing a shift downward (increased diaphragm
excursion and decreased upper chest accessory
muscle recruitment), and a more symmetrical
response.

Sleep Breathing assessment should encompass
the entire day, thus including sleep. Bilateral dia-
phragm paralysis will require nocturnal support
such as CPAP (continuous positive airway pres-
sure), BPAP (bi-level positive airway pressure),
or mechanical ventilation, but mounting evidence
suggests that unilateral diaphragm paralysis
results in sleep-disordered breathing, cespecially
during REM sleep, that often goes undetected
[18-21]. Sleep studies should be a routine. PTs’
expertise in positioning may help patients and
their physicians determine optimal sleep postures
for oxygenation.
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Fig. 11.2 Chest wall excursion (CWE) circumferential
measurement sites: 7op line: level of the third rib (axilla).
Middle line: xiphoid process. Bottom line: half the dis-
tance between the xiphoid process and the umbilicus

Endurance

Endurance tests must be individually chosen to
ensure that the measure will be sensitive enough
to capture a change postsurgically. A 6- or 12-min
walk test is easy to administer clinically. The
length of the test is determined by the patient’s
level of impairment. A patient who is very weak
may not be able to walk even 6 full minutes,
whereas a patient with lesser impairment won’t
show an endurance limitation until pushed a
greater distance, like the full 12-min test [22].
There are many tests to choose from that are
appropriate to the patient’s activity level [23].

Endurance could also be measured in terms of
perceived exertion [24]. These subjective tests
are particularly sensitive measures for patients
who are very weak and may not show an increase
in functional endurance such as walking further,
but who may report less perceived effort for the
same breathing and/or ADL skills recorded
preoperatively.

Postural Alignment

Compensatory breathing patterns and the second-
ary impairments in balance may cause postural
abnormalities [9]. This is particularly true for
long-standing phrenic nerve paralysis where dis-

use has caused decreased chest wall and spinal
mobility. Postural compensations may have
developed slowly, and the patient may not even
be aware of how much his posture has changed.
Manual assessment of the entire rib cage and
spine is necessary as restrictions are common in
long-standing phrenic nerve paralysis. Shoulder
range of motion (ROM) is often restricted sec-
ondary to diaphragm dysfunction. The weakness/
paralysis disrupts the normal coupling effect
between the shoulder and rib cage, especially
when reaching above 90° of shoulder flexion
[25, 26]. Limitations may also be noted at the
hip/pelvis or neck due to compensatory breathing
and/or postural control strategies. PTs should
anticipate the need to mobilize noted musculo-
skeletal restrictions in order to regain maximal
breathing and postural control function.

Postural impairments secondary to unilateral
diaphragm paralysis are unique. These patients
should be specifically screened for asymmetrical
presentations. The development of chronic pain
from asymmetric muscle use is a common com-
plaint in this population but not yet researched
(Fig. 11.3). Recent research suggests that patients
with unilateral diaphragm paralysis have
increased balance impairments because their cen-
ter of mass is disturbed with every breath on a
coronal plane, rather than just a sagittal plane [9].
Compensations to correct for this added postural
burden could lead to repetitive muscle stress
resulting in pain.

Pediatrics Special consideration must be made
in pediatrics as their chest wall and spine have not
yet matured. Chronic phrenic nerve paralysis may
lead to hypoplasia of the rib cage on the side of
the paralysis which in turn will contribute to sco-
liosis forces and increased likelihood of more pro-
nounced asymmetric  postural  alignment
throughout the trunk (Fig. 11.4). Balance com-
pensations will increase the risk of repetitive
stress injuries as the child matures, which could
lead to pain. Recent research shows that patients
with chronic low back pain have weaker dia-
phragms than controls [27]. Long-term research
has not yet been done with children with pediatric
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Fig. 11.3 Common postural compensations/abnormali-
ties with unilateral phrenic nerve injury. Previously
healthy, fit 67-year-old man with left paralyzed phrenic
nerve of >12-month duration. Phrenic nerve graft surgery
~4 months prior to these pictures. One PT visit thus far.
(a) Subject’s trunk is shortened on the left. He reported no
postural asymmetry problems before phrenic nerve injury.
(b) Lateral side bending to left shows normal range of
motion for the right rib cage and lower trunk (intact
phrenic nerve). Patient shows normal weight shift of hips

phrenic nerve injuries but would suggest that
maturing with a chronically weak or paralyzed
diaphragm would predispose these children to an
increased risk of developing low back pain.

Postural Stability

There are numerous functional presentations of
postural instability. Four specific impairments are
detailed below.

Balance The contributions of the diaphragm to
postural stability are well established; thus, the
assessment of balance (postural instability)
should be a routine screening module of the PT
evaluation. There are numerous balance tests
from simple sitting perturbation tests, to timed

to the right when side bending to left. (¢) Lateral side
bending to the right shows moderate restrictions in left
lower rib cage and lower trunk (left paralyzed phrenic
nerve). Note: (1) increased effort in his face, (2) decreased
elbow extension, (3) decreased shoulder flexion, and (4)
decreased weight shift onto left lower extremity. These
restrictions limit more than inspiratory lung volumes,
such as limitations in balance, gait, and reach, and may
lead to chronic pain from long-standing altered
mechanics

single-limb stance tests, to sophisticated comput-
erized limits of stability tests. Balance tests
should be chosen for their sensitivity to change,
availability of resources, and specificity to each
individual patient’s capabilities [28].

Gait Postural control impairments may be
reflected as abnormal gait patterns and are highly
variable with this population. Patients with mild
postural instability are likely to stiffen their
trunks in an attempt to improve postural stability.
Common gait deviations associated with rigid
trunks include decreased arm swing, decreased
trunk rotation, slower cadence, and shorter steps.
This pattern is very similar to other physical
impairments such as chronic low back pain, neu-
romuscular weakness (Parkinson’s, multiple
sclerosis, stroke, etc.), incontinence, and lower
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Fig. 11.4 Pediatric postural impairments 1-1/2-year-old
girl surviving a traumatic vaginal birth with resultant
bilateral phrenic nerve injury (left more impaired than
right). Note postural shift of her trunk to left side
(increased weight bearing on left leg) and increased lat-
eral trunk flexion to left (increased skin fold), both likely
balance compensations. Long term, this posturing will
lead to greater scoliotic forces on her developing spine
and greater risk of repetitive stress injuries (pain)

gastrointestinal dysfunctions (constipation, irri-
tability, etc.) [29-31]. Careful screening is
needed to ascertain gait deviations due to phrenic
nerve paralysis vs. other underlying problems.

Patients with severe postural instability can’t
stiffen their trunk because of extreme weakness or
motor control issues. Their trunk is too floppy, and
their gait pattern typically shows deviations such as
excessive arm swing and excessive trunk move-
ments, especially in the coronal plane. If the trunk
is markedly unbalanced, the patient may require an
assistive device or may no longer be ambulatory.

Pain

A possible long-term consequence of altered motor
plans is pain due to malalignment or overuse syn-
dromes [32, 33]. Pain conditions may reflect over-
use of the accessory muscles due to the diaphragm

weakness (neck or chest pain) or due to postural
instability (pain anywhere from neck to hips) [34].
Patients with unilateral diaphragm paralysis may
have pain related to rotational (torsion) forces due to
asymmetric and rotary forces across their spine.
Compensatory trunk postural strategies could result
in pain down in the knee or ankle joints. All patients
should be screened for secondary pain conditions.

Continence

The deep abdominal muscle shell that controls
intra-abdominal pressure is comprised of the dia-
phragm as the top dome, the transversus abdomi-
nis and multifidus as the long cylinder, and the
pelvic floor as the bottom sling. When one of
those four muscles is impaired, it impairs the
function of the whole abdominal complex. Thus,
diaphragm dysfunction is highly associated with
pelvic floor consequences, such as incontinence,
and should be screened in this population [6, 8].

Summary

Diaphragm paralysis has marked implications for
motor dysfunction beyond breathing and endur-
ance impairments and should be -carefully
assessed and documented preoperatively in order
to accurately assess the long-term outcomes of
the phrenic nerve graft surgery. However, because
this surgery is so specialized, requiring many
patients to travel a great distance, there is little
likelihood that the same PT will do the pre- and
post-surgery which may limit the reliability of
the measures. Research is needed to determine
the optimal pre-/posttests that could be performed
reliably on a nationwide basis.

Physical Therapy Rehabilitation
PT Reassessment

Following phrenic nerve graft surgery and after
the confirmation from the surgeon that it is safe to
start rehabilitation, the patient should be reas-
sessed by PT. If the patient was not seen by PT
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preoperatively, the PT evaluation described ear-
lier in the chapter should be done. Two specific
tests should be included in the postsurgical reha-
bilitation phase of PT: (1) integument restrictions
and (2) diaphragm responsiveness.

Integument Surgical scars on the calf and chest,
as well as surrounding tissue, should be evaluated
for fascial restrictions or scar adhesions which
can limit mobility [35]. If restricted, the PT
should include myofascial releases and scar mas-
sage to affected areas to maximize range of
motion and ease of movement.

Diaphragm Each hemidiaphragm should be
reassessed with manual facilitation to deter-
mine if the diaphragm is now contracting. This
is a clinical examination. Where possible, the
results should be compared with a videofluo-
roscopy or an ultrasound of the diaphragm for
confirmation [13, 14].

PT Rehabilitation Treatment

PTs are very familiar with designing treatments
to address issues such as impaired endurance,
poor posture, poor core stability, impaired bal-
ance, fascial/scar restrictions, gait deviations,
pain, and stress incontinence. PT treatments
uniquely related to phrenic nerve rehabilitation
will be specifically addressed below: (1) thoracic
spine and rib cage musculoskeletal restrictions,
as well as (2) breathing neuromotor retraining.

Thoracic Spine and Rib Cage Musculoskeletal
Restrictions Restrictions of the spine and rib
cage are very common in this population due to
disuse and atrophy over a prolonged period of
time. Rehabilitation often includes (1) spinal
mobilization techniques in the sagittal and trans-
verse planes, sometimes in the coronal plane, and
(2) rib mobilizations. The PT will need to deter-
mine if the entire rib cage or only one side (uni-
lateral ~ phrenic  nerve  injuries) needs
musculoskeletal interventions. Typically, treating
these trunk restrictions includes a combination of
joint mobilizations, soft tissue releases, and fas-

cial releases in order to maximize functional
gains following the regeneration of the phrenic
nerve [36]. Compensatory breathing and/or pos-
tural control strategies may lead to additional
musculoskeletal problems which should be
addressed on an individual basis.

Breathing Neuromotor Retraining Significant neu-
romotor retraining is necessary to stimulate and
strengthen the diaphragm’s response both unilater-
ally and bilaterally. The diaphragm also needs to be
coupled with the intercostals to optimize inspiratory
lung volumes [37, 38]. Adequate intra-abdominal
pressure to optimize the diaphragm’s length-tension
relationship is imperative, so focusing on core
strength is a hallmark of a diaphragm rehab pro-
gram [39]. If the patient is too weak to generate
adequate intra-abdominal pressures on their own,
then an abdominal binder should be trialed [40].

Reduce Postural ~ Demands on the
Diaphragm Reducing the postural demand on
the diaphragm will allow the diaphragm to focus
on its respiratory role rather than its postural
role. Thus, early in rehabilitation, facilitation of
the diaphragm in recumbent postures (less pos-
tural demand) is usually more successful than
upright postures. Manual facilitation techniques
based on the neurophysiologic response of the
diaphragm as well as the physiologic need to
breathe (survival response) will bolster the clini-
cian’s efforts to elicit a response from the recov-
ering diaphragm [41] (Fig. 11.5). Long term, the
goal is to restore the diaphragm’s ability to func-
tion simultaneously as a breathing and a postural
control muscle; thus, recruitment of the dia-
phragm in higher-level postures, such as sitting,
standing, walking, and running, is an important
progression of treatment. Combining diaphragm
breathing with complex movements including
upper extremity reaching (coupling the dia-
phragm and intercostals) and/or gait (coupling
the diaphragm with the abdominals and pelvic
floor) will promote restoration of the diaphragm
to its previous complex motor functions
(Fig. 11.6). Resisted movements, such as with
proprioceptive neuromuscular facilitation (PNF)
exercises, will drive a greater motor response
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Fig. 11.5 Neuromotor retraining: handling techniques
to maximize the response of a weak diaphragm contrac-
tion. (a) “Diaphragm scoop” neuromotor facilitation
technique can be used as a diagnostic screening tool to
assess bilateral or unilateral diaphragm contraction and
used to stimulate the diaphragm’s contraction. Resistance
is added once the diaphragm is consistently activating.
Rehabilitation starts with isolated diaphragm facilitation
techniques but quickly moves to integrated complex

Fig.11.6 Sample of techniques that promote integration
of diaphragm with higher-level postural stability such as
standing, reaching, and axial trunk rotation. (a) Mid-trunk
dynamic stabilization resistance training in standing
requires the diaphragm to move dynamically for breathing
as well as postural stability (balance). The therapist
applies resistance at the mid-trunk to actively engage the
diaphragm in balance response. Submaximal resistance
allows breathing and postural control responses. Avoid
maximal resistance as it will elicit a static breath-hold

- |
neuromotor retraining that includes coordinating simul-
taneous postural control responses of the diaphragm
with the breathing responses of the diaphragm (ventila-
tory strategies). (b) “Lateral costal” neuromotor facilita-
tion technique progresses from a focus on facilitation of
a central response of the diaphragm (hemidiaphragm or
bilateral) to a coupled response with the intercostals
(progression toward normal multipurpose reaction)

response and is not a desired outcome. (b) Distal resis-
tance shown here on the arm, but can also be done on the
leg, demands that the diaphragm respond as a postural
muscle. Be careful to use submaximal resistance so that
the diaphragm can relearn how to breathe and “hold” at
the same time (dynamic stability). (¢) Rotary resistance of
the trunk, shown here in sitting but can be done in any
upright posture, focuses on the role of the diaphragm for
balance responses (maintenance of axial control of the
trunk in upright)
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from the diaphragm and trunk muscles which
will aid in strengthening the reemerging com-
plex neuromotor plans [42-44].

Unilateral Paralysis Diaphragm Neuromotor
Retraining Specific neuromotor retraining tech-
niques that bolster the response of the weak side of
the diaphragm are particularly helpful. This author
highly recommends using proprioceptive neuro-
muscular facilitation (PNF) “timing for emphasis”
technique to use the strength of the strong dia-
phragm to get an overflow response to the weak
hemidiaphragm [41, 45]. Immediately after elicit-
ing the motor response, the diaphragm’s efforts
should be reinforced by pairing inspiration with
activities that naturally couple the diaphragm with
the intercostals and abdominals such as reaching
or trunk rotation. This will aid in reinforcing the
diaphragm’s inspiratory response and promote the
diaphragm’s role as a postural stabilizer as well.

Endurance Training for the Diaphragm Once
the diaphragm responds consistently, ventilatory
muscle training programs (inspiratory and expi-
ratory muscle trainers) can be initiated to increase
endurance and reinforce neuroplasticity [46].
Don’t start these programs until the diaphragm
has adequate strength or the other inspiratory
muscles may overpower the diaphragm’s
response, which would have the unintended out-
come of reinforcing the compensatory pattern
instead of strengthening the diaphragm.

Airway Clearance If the patient has a history of
decreased ability to clear lung secretions secondary
to diaphragm weakness or paralysis, then a compre-
hensive airway clearance program should be devel-
oped, including assistive cough techniques [47].

Summary

Rehabilitation of the diaphragm following a phrenic
nerve graft involves a detailed multisystem evalua-
tion by the PT to determine the extent of the impair-
ment (primary and secondary) as a result of the
long-standing unilateral or bilateral phrenic nerve
paralysis. A bilateral paralysis has a devastating

impact on the patient’s survival, often requiring
mechanical ventilation, but unilateral paralysis is
also devastating due to balance impairments, endur-
ance impairments, sleep disruptions, musculoskel-
etal restrictions/pain, and an ongoing risk of
respiratory complications. If the consequences of
phrenic nerve paralysis are not fully understood,
assessed, and treated, the patient’s long-term quality
of life outcomes may be impaired.

Dr. Kaufman’s surgical approach to phrenic
nerve paralysis is an innovative procedure.
Research with spinal cord injury gives PT’s guid-
ance for the development of an appropriate treat-
ment approach to this population, but research
specific to phrenic nerve restoration is needed.
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Raymond P. Onders

Introduction

Mechanical ventilation (MV) has saved countless
lives. Since MV was introduced, it is the primary
therapy for respiratory failure and a fundamental
treatment in intensive care units. Whether MV is
used during a surgical procedure or to treat respi-
ratory failure, it is generally a time-limited ther-
apy that, when withdrawn, has no untoward
sequelae. However, there are a number of patients
who become dependent on MV. These patients,
often referred to as “failure to wean” (FTW),
present a significant physiologic and economic
burden to the healthcare system.

FTW patients arise from those who required
“prolonged” MV (PMYV), defined as greater than
96 h of MV. Patients on PMV or FTW have lon-
ger hospital days (median 17 days vs. 6), higher
comorbidities, poor functional outcomes, and
increase cost [1]. Damuth reviewed worldwide
data of PMV patients with 124 studies ultimately
included in results. This report showed a 1-year
mortality of 58 % in ICU patients. Only 50 % of
patients were ever liberated from mechanical
ventilation [2]. Additional reports have mortality
ranging from 20 to 50 %. The 1-year functional
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outcomes in PMV patients demonstrate only 9 %
being able to perform activities of daily living
independently. Conversely, 65% were com-
pletely dependent on others. PMV incur substan-
tially greater hospital costs than patients who are
able to wean, with 1-year survival costs averag-
ing $306,000.00 US dollars. The number of
patients requiring PMV is growing 5.5 % annu-
ally, 4.4 % higher than the total hospital admis-
sion growth rate. It is estimated that by the year
2020, there will be 605,000 patients requiring
PMV with hospital costs of $64 billion.

Multiple medical conditions, such as heart
failure, severe respiratory disease, critical illness
neuropathy, and respiratory muscle weakness,
can lead to PMV. In addition to medical etiolo-
gies, MV has its own deleterious effects. Positive
pressure MV leads to inactivity of the diaphragm
muscle, causing atrophy and weakness. Because
the diaphragm is the primary inspiratory muscle,
ventilator-induced  diaphragm  dysfunction
(VIDD) is widely recognized as a major contrib-
uting factor to FTW [3]. For this chapter, it will
be important to remember the diaphragm is
innervated by the phrenic nerve, composed of
nerve roots from cervical level 3 to 5.

High level spinal cord injury (SCI) is another
condition that lends itself to PMV. Approximately
4% of the 12,000 SCI patients per year in the
USA require chronic long-term MV. Respiratory
complications are the leading cause of death in
SCI, with pneumonia being the leading cause of
death in those on MV. Patients with the same
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Fig.12.1 (a) The laparoscopic dissector is placed against
the right diaphragm, an electrical burst from the clinical sta-
tion externally will allow contraction if the phrenic nerve is

level of injury who require MV have significantly
shorter life spans. Chronic long-term MV is asso-
ciated with increased anxiety for both patient and
caregiver. It alters speech patterns, decreases
sense of smell, adds bulk and weight to wheel-
chairs, and impedes mobility, and noise and tub-
ing attract unwanted attention [3]. The presence
of a tracheostomy increases secretions and may
cause tracheal malacia and tracheal erosion.

Surgical Intervention
with Diaphragm Pacing

Diaphragm pacing (DP) was developed to pro-
vide natural negative pressure ventilation in SCI
patients on PMV. DP involves laparoscopically
placed electrodes at the motor point of each
hemidiaphragm where stimulation provides max-
imal contraction of the diaphragm. Essentially,
DP electrically stimulates intact lower motor
units in the spinal column replacing the upper
motor neuron signal. It has been shown to
decrease, delay, or replace MV.

Surgical implantation of DP begins with
patients receiving deep vein thrombosis prophy-
laxis through sequential compression devices
and appropriate warming apparatuses. General
anesthesia is administered without neuromuscu-
lar blocking agents. Short-acting agents such as
propofol for amnesia and remifentanil for pain

intact, and subsequent mapping will show ideal location for
implantation; (b) the diaphragm has a diffuse but weak con-
traction which will improve with diaphragm conditioning

along with inhalation agents are the preferred
anesthetic management for patients undergoing
DP [4]. Standard four-port laparoscopy begins
with generous amounts of preemptive local
anesthetic being placed into the incisions to
decrease pain and intraoperative spasms. The
abdomen is insufflated, and the falciform liga-
ment is divided allowing easier access of the
implant instruments to the diaphragm. Then a
12-mm epigastric port is placed for the implant
instrument and to provide an unimpeded exit for
the pacing electrodes.

The next step of DP surgery is mapping of the
diaphragm. This process identifies the motor
point. The tip of a laparoscopic dissector is
touched against the diaphragm muscle (Fig. 12.1
a, b). A twitch stimulus is delivered from a clini-
cal station to the instrument, and both qualitative
and quantitative data are obtained. Quantitatively,
changes in abdominal pressure are measured
through tubing that is attached to one of the sur-
gical ports and connected to the clinical station.
A greater change in pressure indicates closer
proximity to the motor point of the phrenic nerve
and a larger diaphragm muscle contraction.
Qualitatively, visual observation of the dia-
phragm is made during stimulation.

The area of electrode placement is chosen
based on location of larger contraction with
strong preference for the posterior diaphragm to
facilitate posterior lung lobe ventilation that will
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Fig. 12.2 (a) The implant instrument houses the dia-
phragm pacing electrode which is a double helix of 14
stainless steel wires that are Teflon coated. The needle of

decrease atelectasis. Two electrodes are then
implanted into the right and left diaphragm mus-
cle. Placement of two electrodes in each dia-
phragm provides redundancy and synergy for
maximal muscle recruitment. The electrodes are
implanted using an implant instrument (Fig. 12.2
a, b). The electrode is threaded through the instru-
ment to the tip of the needle. The needle at the end
of the instrument is skived into the muscle, and the
polypropylene barb on the end of the electrode
releases upon withdrawal of the needle. The four
electrodes and an anode are then tunneled subcuta-
neously to an appropriate exit site. A chest x-ray is
taken at the end of the case to assess for the pres-
ence of a capnothorax that may result from carbon
dioxide tracking from the abdominal cavity into
the pleural space from the diaphragm. Small cap-
nothoraxes resolve spontaneously where a larger
one may need to be aspirated [5].

The implanted intramuscular electrodes are
connected to a four-channel external pulse gen-
erator (EPG) (Fig. 12.3). This stimulator pro-
vides capacitively coupled charge-balanced
biphasic stimulation to each subcutaneous elec-
trode. The EPG is programmed with patient-spe-
cific parameters of pulse amplitude, pulse
duration, inspiratory time, pulse rate, and respira-
tory rate by a clinician. DP users simply connect
and turn the device on and/or off. The maximal
settings for patient safety are 25 mA for ampli-
tude, 200 for pulse width, and 20 for Hz. Patients

the implant instrument enters the diaphragm muscle and a
polypropylene barb allows the electrode to be fixated. (b)
Two electrodes in the left diaphragm

should never exceed these parameters [5]. The
goal for patient settings is to use the highest set-
tings within the safety parameters that do not
cause any patient discomfort.

Once implanted, the device can be utilized
immediately to begin diaphragm conditioning.
Each patient should have a customized condition-
ing program that entails initiation of DP use
which gradually increases over time. Patients
often begin with 30 min of DP use several times
daily and increase usage every 3-5 days [3, 5].
DP conditioning will convert the atrophied mus-
cle fibers from fast-fatigable type 2B muscle
fibers to slow-twitch type 1.

Results of Diaphragm Pacing

The initial FDA multicenter clinical trial of DP in
SCI dependent on tracheostomy MV showed
100 % of implanted patients were able to breathe
for four consecutive hours with DP alone. Over
50 % of patients utilized DP for over 24 h of con-
tinuous use. The patients ranged in age from 18
years to 74 years (36 years old average). There
were 37 males with the majority of injuries
resulting from motor vehicle accidents followed
by sports injuries. Patients were on PMV from 3
months to 27 years prior to DP implant with the
average time of injury to implant being 5.6 years.
This trial reports no pneumonia deaths.
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Fig. 12.3 The four implanted electrodes along with a
subcutaneously placed ground electrode are placed in a
block that connects to the external pulse generator that is
programmed to provide diaphragm conditioning and sub-
sequent ventilation

Another study done with DP in SCI but
focused on SCI patients who had a permanent
internal cardiac pacemaker was completed in
2010. The study included 20 SCI patients who
had both cardiac pacemaker and DP. This study
also showed all patients were able to achieve tidal
volumes to meet their basic metabolic needs with
71 % able to replace MV with DP full time. The
internal cardiac pacemakers were interrogated at
the time of DP implant with DP being set at max-
imal stimulation settings and the cardiac pace-
makers being set at their most sensitive. No
device interactions were noted [6].

DP has been implanted successfully in pediat-
ric patients. A report of six pediatric SCI patients
ranging in age 3—17 years (average age 9 years
old) with an average weight of 32.6 kg was suc-
cessfully implanted with no technical difficulties.

Unique to the pediatric population is growth that
may require DP reprogramming and scoliosis,
which may need to be addressed prior to implan-
tation and/or may affect ventilator weaning.
Pediatric patients experienced the same success
with being liberated from MV as their adult
counterparts [7].

More recent and exciting data on DP in the SCI
population was published in 2014 [8]. This study
focused on early implantation of DP. Their analysis
included 29 patients, 22 of whom were implanted
and 7 patients had denervated “dead diaphragms”
at surgery. The average time frame of injury to
implant was 3—112 days with a median of 33 days.
Seventeen percent of patients were weaned com-
pletely off MV in an average of 13.1 days. A subset
of patients implanted within 11 days of injury
weaned off MV in 5.7 days. Some patients (36 %)
implanted early after injury had recovery of respi-
ration and were able to wean off of DP. This study
highlighted the potential of electrical stimulation
from DP and neuroplasticity of the spinal cord
allowing recovery of phrenic nerve function. Also
noteworthy was the fact that early identification of
those patients with “dead diaphragms” will save
significant amounts of time, frustration, and money
on futile ventilator weaning and also allow early
consideration of the growing use of nerve transfer
techniques to allow recovery.

Recent uses of DP expanded from SCI to dia-
phragm dysfunction. DD can be either unilateral
or bilateral with varying degrees of symptomatol-
ogy ranging from asymptomatic to respiratory
failure requiring mechanical ventilation. Onders
reported the use of DP in a group of 21 patients.
The study identified six patients with non-
stimulable diaphragms at surgery. Of note, preop-
erative testing, which included radiographic
exams, phrenic nerve conduction studies, and
pulmonary testing, showed no statistical differ-
ence between the two groups. Ten of the
implanted patients had false-negative phrenic
nerve conduction studies with no measurable
muscle action potentials. The average duration of
symptoms for those implanted was 41 months
compared to 22 months in the non-stimulable
group. Four patients were on tracheostomy
mechanical ventilation. Diaphragm dysfunction
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was a result of phrenic nerve injury from thoracic
surgery, shoulder surgery, idiopathic and one spi-
nal muscle atrophy (SMA), one Charcot-Marie-
Tooth disease, and one diaphragm flutter (belly
dancer syndrome). Sixty-two percent had clini-
cally relevant improvements in respiration. All
four mechanically ventilated patients were
weaned off tracheostomy mechanical ventilation
and ultimately decannulated and weaned off DP
with electrodes removed. Two people decreased
noninvasive ventilation use; two were weaned off
oxygen therapy and two had resolution of para-
doxical motion of the diaphragms and three addi-
tional patients having improved diaphragms on
chest x-ray. Using an adapted cable, the implanted
DP electrodes were used to assess diaphragm
electromyographic activity that not only allowed
for identification of abnormalities such as central
apneas but also provided an avenue for monitor-
ing of diaphragm recovery [9].

Conclusion

Prolonged mechanical ventilation is a signifi-
cant and growing healthcare predicament. DP
has been successfully used in SCI to replace or
decrease mechanical ventilation. Early implan-
tation of DP has substantial benefits and no
known drawbacks. The more recent utilization
of DP in DD is a foundation for DP to be used
in critical care units. Duplication of the success
of DP in weaning patients from tracheostomy
mechanical ventilation would change the para-
digm of therapy in intensive care units.
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Introduction

One quarter of the 2.5 million injured Americans
who required hospitalization in 2013 required
post-acute care rehabilitation services [1]. Many
injured patients have ongoing medical needs that
require prolonged hospital stays even when sta-
ble enough to progress to the recovery phase of
care. Though this experienced functional decline
is due primarily to traumatic injury, prolonged
immobilization in the hospital, inadequate nutri-
tion, and procedural and infectious complications
increase patient debility and lengthen recovery
time. The importance of early mobilization is
being recognized and instituted not just in the
acute care areas but in the intensive care units as
well. Therefore, a better understanding and
increased familiarity with early procedures and
associated appliances are important for the safe
treatment of the injured patient.
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Damage Control Surgery

Damage control surgery describes initial non-
definitive treatment of traumatic injuries in unsta-
ble patients who may only tolerate an abbreviated
operation [2]. This type of intervention has been
shown to increase survival by decreasing initial
stressors, avoiding worsening coagulopathy and
allowing time to adequately resuscitate the patient
before definitive treatment [3]. Damage control
surgery generally applies to control of hemor-
rhage and contamination of intra-abdominal
injuries, but the same principles can apply to
intrathoracic and extremity injuries.

Some indications for damage control laparot-
omy include abdominal compartment syndrome,
perforation, or intra-abdominal or pelvic vascular
injuries. After the initial procedure, the abdomi-
nal cavity is left open with a negative-pressure
vacuum dressing to prevent abdominal compart-
ment syndrome during the resuscitation period.
Definitive repair of injuries is performed once the
patient is stabilized. The abdomen is either closed
primarily within a week of the initial operation,
or a delayed closure with split-thickness skin
graft over exposed viscera can be performed in a
few weeks with formal repair of the ventral her-
nia performed in 6 months to 1 year [3].

With the use of commercially available por-
table vacuum dressings, there is less concern for
evisceration. This allows for earlier extubation
and quicker mobilization with participation in
physical therapy. It is important to make sure
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the vacuum dressing has little or no leak so that
the dressing remains intact. These temporary
abdominal closure methods are associated with
long-term risks, such as enterocutaneous (EC)
fistula, although this is more likely to occur with
graft material than a vacuum dressing or silo
bag alone [3].

Enterocutaneous
and Enteroatmospheric Fistulas

A fistula is an abnormal connection between
two epithelialized surfaces. In an enterocutane-
ous (EC) fistula, the bowel is connected to the
epidermis, and stool contents drain from the
skin surface (Fig. 13.1 — enteroatmospheric fis-
tula (EAF)). The majority of EC fistulas occur
postoperatively, while a small portion present
after radiation therapy or from inflammatory
changes [4]. In a patient with an EC fistula,
some important considerations are control of
ostomy output, maintenance of patient nutrition,
and proper wound care.

Fig. 13.1 Enteroatmospheric fistula — a section of small
bowel is visible protruding through the lower pole of the
abdominal wound

Once an EC fistula is diagnosed, usually
within the first week postoperatively, drainage
should be recorded to allow for proper resuscita-
tion. A high-output fistula, draining >500 cc/day,
puts the patient at greater risk of malnutrition and
electrolyte imbalances, eventually requiring
nutritional support [5]. Parenteral nutrition (PN)
has been shown to result in increased rates of fis-
tula closure compared to enteral nutrition (EN),
although enteral nutrition (EN) is the preferred
route as long as fistula output does not signifi-
cantly increase once EN is begun [6]. Local
wound care is important to protect the skin in
preparation for surgical closure. The bowel efflu-
ent contains bacteria, digestive enzymes, and
bile, which can cause skin breakdown around the
fistula. Stoma barriers and creams are very help-
ful in protecting the skin around the fistula site,
and the use of negative-pressure wound dressings
has allowed for contained control of the
drainage.

Although spontaneous fistula closure may
occur, a fistula arising from the proximal gut,
with a short tract of <2 cm or a large skin defect
of>1 cm, is less likely to close spontaneously
and may require operative closure. Patients with
abscesses, inflammatory bowel disease, foreign
body, or malnutrition are also more likely to
require operative closure. Generally, colonic EC
fistulas will close within a month, and small
bowel EC fistulas may take up to 2 months to
close [5]. If closure does not occur within this
time, the patient should be optimized for surgical
closure of the fistula with a procedure similar to
an ostomy reversal. Continued optimal nutrition
is important to allow for healing of the new
wounds and preventing fistula recurrence.

lleostomy and Colostomy

Stomas of the colon (colostomy) or small bowel
(ileostomy) are created for fecal diversion or as a
permanent orifice for the passage of stool. In the
setting of trauma, a stoma may be used for tem-
porary diversion if the bowel is perforated with
intra-abdominal fecal contamination. This is per-
formed as an end colostomy, where the rectum is
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stapled off and the segment of colon is brought to
the skin surface (Hartmann’s procedure), or as a
loop ileostomy/colostomy, where a loop of bowel
is brought up through the incision in the abdo-
men. An end ostomy has one lumen, whereas a
loop ostomy has two lumens within the same
stoma site (Fig. 13.2a, b). A red rubber catheter is
initially placed between the lumens to maintain
external positioning. With a loop ostomy, the
afferent limb stoma is maintained for stool out-
put, while the efferent limb stoma is connected to
the distal bowel without expected output. After
dissection of the abdominal wall is performed
and the segment of bowel is everted, the entero-
cutaneous anastomosis is performed. The bowel
should appear pink and viable extruding a few
centimeters above the skin edge once the ostomy
is completed [7].

The ostomy should begin to produce gas and
stool within a few days after the operation. Early
stoma-related complications include high output,
obstruction, and ischemia. A high-output stoma,
producing greater than two liters per day, is more
common with an ileostomy than a colostomy [8].
Patients should be evaluated for signs of dehydra-

tion, and electrolytes should be regularly moni-
tored during the first few weeks postoperatively.
Patients may be started on antimotility agents
such as loperamide or opiates such as a tincture
of opium to slow gut transit. In addition, medica-
tions to reduce stomach acid production or bile
acid-binding resins may be helpful in decreasing
output [9]. Early obstruction can occur when the
fascial incision for the stoma is too small, caus-
ing the rectus muscle to contract around the
bowel. This is diagnosed clinically by inability to
digitalize the ostomy and usually requires
reoperation.

Other late complications include peristomal
skin irritation due to a poor fitting appliance,
peristomal hernia, prolapse, stenosis, and com-
plications related to small bowel obstruction after
surgery. Parastomal hernias may be managed
conservatively with a belt appliance or repaired
surgically with or without mesh, although recur-
rence rates are high. A prolapsed stoma will be
evident by protruding mucosa beyond the usual
stoma site and should be easily and gently
reduced. If there is edema of the mucosa and a
prolapsed stoma appears incarcerated, the use of

Fig.13.2 (a) Colostomy — sigmoid colon anchored to the
abdominal wall, pictured postoperative day one with mild
edema and a small hematoma. (b) Loop ileostomy — a loop
of small bowel has been brought out through an abdominal

incision with a red rubber catheter in place; the catheter
helps keep the ostomy elevated in the early postoperative
course. The larger afferent limb and smaller efferent limb
are in the superior and inferior positions, respectively
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sugar on the mucosa to draw out excess fluids and
allow for reduction has been shown to be effec-
tive [10, 11]. Bleeding from the stoma site may
occur with minor trauma to the tissue, but bleed-
ing may also be related to parastomal varices.
Minor bleeding may be managed with light pres-
sure, although significant bleeding may indicate
erosion into a larger vessel and a surgical emer-
gency. Bleeding or mucous discharge from the
rectum associated with abdominal or perianal
pain after a colostomy may be a sign of diversion
colitis. This is treated with short-chain fatty acid
enemas and earlier reversal if possible. Bowel
obstruction should be suspected if a patient stops
producing gas and stool from the ostomy and
begins to complain of abdominal pain and bloat-
ing. In this case, a CT scan with oral and intrave-
nous contrast should be obtained, and the patient
should be prepared for inpatient admission if
obstruction is evident. In general, ostomies are
reversed no earlier than 3 months after creation or
last intra-abdominal surgery.

Nutrition

Because the body is in a hypercatabolic state
after trauma, it is important to maintain optimal
nutritional support for wound healing and
immune function. Non-oral nutrition is recom-
mended if the patient is in a malnourished state
at baseline or is expected to be without nutri-
tion for longer than 1 week. Nutritional needs
will be determined based on pre-injury nutri-
tional state and stress level. When the gastroin-
testinal tract is functional and safe to use,
enteral nutrition (EN) is preferred over paren-
teral nutrition (PN). EN is more efficiently uti-
lized by the body due to first-pass metabolism
in the liver and helps support the functional
integrity of the gut. However, parenteral nutri-
tion may be used when enteral feeding is not
tolerated, as with a mechanical bowel obstruc-
tion, severe gastrointestinal bleeding, short gut
syndrome, or a proximal enterocutaneous or
enteroatmospheric fistula [12].

When the patient is unable to tolerate oral feed-
ing, enteral nutrition may be administered through

a nasogastric, nasojejunal, gastrostomy, or jeju-
nostomy tube. Generally, nasogastric or nasojeju-
nal tubes are used as a temporary measure until the
patient is able to take in oral nutrition, e.g., patients
with altered mental status or dysphagia. For
patients who are expected to take no oral nutrition
for 4 weeks or more, placement of a gastrostomy
or jejunostomy tube is recommended [13]. This
may include patients with neurological disorders
such as stroke or traumatic brain injury, patients
presenting after significant trauma, with cancer or
recent surgery of the upper gastrointestinal
tract [7]. A gastrostomy tube is sufficient for most
patients, but a jejunostomy tube is preferred in
patients requiring post-pyloric feeding due to
injury or gastroparesis (Fig.13.6, Fig 13.7).

Enteral access procedures can be performed
in a variety of settings, including at the bed-
side, in the endoscopy or interventional radiol-
ogy suite, or in the operating room. The options
for long-term feeding tube placement include
laparoscopic or open gastrostomy or jejunos-
tomy tube placement, percutaneous endoscopic
gastrostomy (PEG) tube placement, and
laparoscopic-assisted PEG tube placement
(Fig. 13.3a, b). Open or laparoscopic gastros-
tomy and jejunostomy feeding tubes allow for
fixation of the bowel wall to the anterior
abdominal wall (see Box for procedure details).
While a PEG tube is the preferred method, ana-
tomic considerations may require open or lapa-
roscopic techniques. After the procedure, the
tubing is left to drain, and feedings are gradu-
ally begun the next day. The tubing should not
be changed for 4-8 weeks to allow time for an
epithelialized tract to form. When the patient
recovers and feeding assistance is no longer
needed, the tube can be removed, leaving the
tract to granulate and heal.

Nutrition and electrolytes should be assessed
while the patient is receiving enteral or parenteral
nutrition. Early complications include surgical
site bleeding and tube dislodgement, both of
which require urgent surgical consultation. If
tube dislodgement occurs after the 4 weeks, it
can be carefully replaced with a Foley or red rub-
ber catheter and intraluminal placement con-
firmed with radiologic contrast study.



13 Acute and Long-Term Surgical Management of the Spinal Cord Injury Patient 149

Fig. 13.3 (a) Jejunostomy tube — external tubing after a laparoscopic jejunostomy tube placement. (b) PEG tube —
external tubing from a percutaneous endoscopic gastrostomy tube

The purse strings are tightened, and a
serosal tunnel of a few centimeters is

Procedure in Details
1. Gastrostomy tube placement — Two

concentric purse-string sutures are
placed near the greater curvature of
the stomach, and a gastrostomy is
made in the center. The gastrostomy
tubing is advanced through a small
skin incision into the gastrostomy site,
and the balloon is inflated. The purse-
string sutures are tightened, cinching
gastric mucosa around the tubing. The
stomach is then anchored to the ante-
rior abdominal wall at four points. The
gastrostomy tubing is then secured to
the skin.

. Jejunostomy tube placement — The
purse-string sutures are placed in an
area 30-45 cm distal to the ligament of
Treitz. The enterotomy is made on the
antimesenteric side of jejunum, and a
red rubber tubing is inserted through a
small skin incision into the enterotomy.

created around the tube to secure it in
place, and the site is then sutured to the
abdominal wall with nonabsorbable
sutures.

. PEG tube placement — Endoscopic gas-

trostomy is performed, and the stomach
is insufflated to appose the anterior
abdominal wall. A small skin incision is
made, and the Seldinger technique is
used to percutaneously introduce a nee-
dle and wire into the gastric lumen. The
wire is grasped with the endoscope and
extracted through the patient’s oral cav-
ity as the endoscope is removed. The
gastrostomy tubing is tied to the wire,
which is pulled through the skin inci-
sion until the bumper sits just abutting
the gastric mucosa. An anchor is placed
around the gastric tubing and secured to
the skin [3].



150

M. Baldwin et al.

Other complications after gastrostomy tube
placement include infection or bleeding around
the tubing site, “buried bumper” syndrome,
ulceration or peristomal leakage, and gastric out-
let obstruction [14]. A relatively common feed-
ing tube problem is blockage of the tubing, which
occurs more often with jejunostomy tubes. The
first step in management is flushing the tube with
warm water, carbonated beverages, juices, or an
enzymatic solution. If this fails to unclog the
tube, mechanical unclogging may be performed
at the bedside with an approved device. To pre-
vent blockage, the tubing should be flushed with
15-30 cc of water prior to and after each use, and
all medications should be given as liquids or
crushed thoroughly prior to administration.

Gastric outlet obstruction may be suspected
when a patient complains of abdominal pain and
nausea with emesis. In this case, the gastrostomy
tube should be placed to gravity to allow stomach
contents to drain. There are commercially avail-
able gastrostomy—jejunostomy (G-J) tubes so
that the jejunostomy tube can be used for feed-
ing, while the gastrostomy tube is used for gastric
decompression. “Buried bumper” syndrome
occurs when the inner bumper becomes impacted
between the gastric wall mucosa and the skin.
This may lead to infection or necrosis and can be
managed endoscopically or surgically. To help
prevent buried bumper syndrome, ulceration, or
peristomal leakage, the distance markers along
the tubing should be used to ensure that there is
not undue tension or too much slack in the appli-
ance. In general, these markings are at 2-3 cm at
the skin, but this length can vary depending on
the depth of a patient’s abdominal wall thickness.
Marker placement should be confirmed with the
physician performing the tube placement.

Wound Complications

Wound complications after surgery range from a
benign seroma to a life-threatening necrotizing
fasciitis. A seroma is a clear, yellow fluid com-
posed of liquefied fat, lymphatic drainage, or
serous fluid. Procedures with large skin flaps
and deep soft tissue pockets, such as axillary or

groin dissection, mastectomy, or mesh repair,
may be prone to developing seromas. Clinically,
this appears as a small, localized swelling near
the incision site. A seroma may be left alone,
and the body will resorb the fluid, or the collec-
tion may be sterilely drained. A pressure dress-
ing and the use of drains can prevent a seroma
from recurring [6].

A hematoma is a collection composed of
blood rather than serous fluid. Hematomas are
more prone to infection and may be caused by
inadequate hemostasis, coagulopathy, or trauma
to the wound. After a trauma, wounds may be
more prone to developing hematomas due to
coagulopathy from cellular dysfunction, inflam-
mation, or factor consumption. Unlike seromas,
hematomas can expand rapidly in a small com-
partment leading serious complications, such as
airway compromise or abdominal compartment
syndrome. In patients with suspected hemato-
mas, a complete blood count, prothrombin time/
international normalized ratio, partial thrombo-
plastin time, and type and screen should be
assessed. Patients may need to go back to the
operating room for exploration and washout of
the wound and control of hemostasis [6].

Wound dehiscence is a serious complication
following large abdominal procedures with fas-
cial repairs. Abdominal musculoaponeurotic lay-
ers separate with concern for impending
evisceration of abdominal contents. A patient is
most prone to develop wound dehiscence 7-10
days after an operation, and dehiscence may be
more likely to occur after an emergent operation
in the setting of trauma (Fig. 13.4). Other risk
factors include hematoma, infection, technical
error, steroid use, obesity, and malnutrition. The
classic sign of dehiscence is drainage of clear,
salmon-colored fluid from the wound. If wound
dehiscence is suspected, the wound should be
covered with gauze and the operating team called
to the bedside. It is possible to treat a small area
of dehiscence with local wound packing.
However, if eviscerated intestines are noted, a
sterile saline-moistened gauze should be placed
over the contents, and the patient should be taken
immediately to the operating room for further
management [6].
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Fig. 13.4 Wound dehiscence — fascial separation with
exposed bowel is seen in this midline incision after an
open colon resection

Despite efforts by operating room staff and
surgeons to reduce the incidence of surgical site
infection (SSI), there is a risk for infection after
any procedure. In trauma operations, this risk may
be higher due to emergent procedures performed
in a non-sterile setting. In addition, operations in a
trauma setting may already be classified as dirty
and more prone to developing SSI. With a sched-
uled operation, smoking cessation, corticosteroid
weaning, proper blood glucose control, and ade-
quate nutrition can help with wound healing,
immunity, and prevention of SSI.

Surgical site infections usually present within
a week of the operation with erythema, edema,
pain, or purulent drainage from the wound. If an
SSI is suspected, skin staples or sutures may be
removed at the bedside with careful probing of
the wound. If cellulitis or systemic signs of infec-
tion are present, empiric antibiotics are started.
Crepitus, gray dishwater-looking fluid, or rapidly
expanding necrosis of the fascial layer indicates
necrotizing fasciitis, and emergent surgical

Fig. 13.5 Vacuum-assisted dressing — midline abdomi-
nal wound with vacuum dressing to suction

debridement should be performed. Any infected
wound should be left to heal by secondary inten-
tion or delayed primary closure.

Treatment of SSIs requires local wound care
after removal of skin staples/sutures. With a small
wound, wet-to-dry dressings are applied to assist
in debridement of the wound with each dressing
change. Gauze dressing is lightly moistened with
saline and packed loosely into the wound. Dry
gauze dressing is then placed over this to help
absorb any excess drainage and prevent the skin
from breakdown. When the wound is larger or
deeper without signs of active infection, a
vacuum-assisted dressing may be beneficial, e.g.,
KCI VA.C.® dressing. With this dressing, a
sponge is cut to fit the wound cavity and covered
by a watertight dressing, allowing continuous
negative pressure on the wound (Fig. 13.5). This
keeps the outer skin dry with constant evacuation
of drainage while promoting angiogenesis and
granulation of the wound. Dressing changes occur
every 3-5 days, and devices are portable allowing
for mobilization and active participation in reha-
bilitation therapy. In a superficial wound with lit-
tle drainage, nonstick dressings, like Adaptic® or
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Xeroform, may be used to prevent debridement
and painful dressing changes while also having
antibacterial properties.

Surgical Drains

Surgical drains are used to remove or prevent
fluid collections after surgery. Most drains used
in surgery are closed drains with tubing con-
nected to a suction device or bag. Active drains
are connected to self-suction or wall suction.
Passive drains work by means of gravity or pres-
sure differentials. Either type of drain should be
stitched in place and the output closely moni-
tored. Drains are very effective but may also be
linked to postoperative issues such as infection or
inefficient drainage. A sudden increase in amount
or character of drainage could be concerning for
infection, and a sudden decrease in output could
indicate the tubing is clogged. Dressings around
drains should be changed daily to prevent sur-
rounding infection.

There are many types of surgical drains. The
most commonly used systems are Jackson-Pratt
(JP), Blake®, Penrose, and pigtail drains. JP
drains are under continuous self-suction with a

Fig. 13.6 Gastrostomy
feeding tube

low-negative-pressure system. They are most
commonly used because they contain small fen-
estrations, preventing intra-abdominal contents
from being sucked into the tubing. Uncapping the
plug, squeezing the air out of the bulb, and recap-
ping it create suction. When output is sufficiently
decreased, removal of the drain requires uncap-
ping the plug to release suction, cutting the suture
at the skin level, and slowly withdrawing the
tubing.

Blake® drains are connected to a similar suc-
tion bulb, but they have a large-diameter single-
hole suction at the end of the drain. Penrose
drains are a soft rubber tubing which is sutured in
a wound to allow passive drainage [15]. These
can be slowly withdrawn over time or pulled
when the drainage is significantly decreased.
Pigtail drains are long thin catheters with locking
fenestrated tips, which curl once inserted. Pigtail
drains are always placed, usually by interven-
tional radiologists, in order to reach small cavi-
ties or lumens. In order to remove the pigtail
catheter, the string on the outside must be cut to
release the curl of the inner catheter and allow for
a smooth withdrawal. If at any time a drain is
unintentionally removed, the managing surgeon
should be notified.
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Fig. 13.7 Jejunostomy feeding tube

Compartment Syndrome

Compartment syndrome is a consequence of
increased pressure in a confined space, limiting
blood flow and leading to ischemia of vital tissue.
The sequelae can be devastating if not diagnosed
in a timely manner. Compartment syndrome most
commonly presents after fracture of an extremity,
but it may present after blunt trauma, arterial
injury, reperfusion injury, prolonged malposi-
tioning, and crush or burn injury. It can also pres-
ent very late after a patient’s injury if a cast is
ill-fitting.

The symptoms of compartment syndrome are
pain, pallor, paresthesias, pulselessness, paraly-
sis, and poikilothermia (coolness on palpation).
If the extremity or compartment feels tense or the
patient complains of tenderness upon palpation
or with passive movement, there should be con-
cern for impending compartment syndrome.
Sensory deficits may be present early on, while
pulselessness and pallor are very late fi