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Preface 
The General Council of the International Society of Neuro­

pathology enthusiastically and unanimously endorsed the sug­
gestion made by the Executive Committee----chaired by Professor 
Dr. Franz Seitelberger, Vienna-for the IXth International 
Congress of Neuropathology that one of the major symposia at 
that Congress should be on Trauma and Regeneration of the 
Central Nervous System. The reasons for this are not difficult to 
understand: non-missile head injury and its sequelae-often a 
permanently brain damaged young adult-is one of the major 
problems that has faced society for many decades, and is continuing 
to do so since relatively little progress appears to ha ve been roade in 
its prevention; and the hope is that experimentalists may be able to 
shed some light at least on the potential for regeneration in the 
central nervous system. These proceedings are the outcome of that 
very successful symposium held in Vienna in September 1982. The 
Society is most grateful to Allgemeine Unfallversicherungsanstalt 
(AUVA), Vienna, for their sponsorship. 

Ofthe faur major presentations, two were on the subject of non­
missile head injury in man and experimental animals, and two dealt 
with recent developments in the field of regeneration. The former 
review the clinical features and their structural hasis and establish 
that all of the major types ofbrain damage seen in man as a result of 
a non-missile head injury ha ve now been reproduced by controlled 
angular acceleration of the head in subhuman primates without 
anything striking the head. One of the pa pers on regeneration deals 
particularly with scar formation and emphasizes how important the 
effects of age are on responses to injury in the brain: the second 
shows that interneuronal connections can occur between trans­
plants and adult host brains. 

The shorter reports based on platform presentations and posters 
cover a very wide range ofthe types of damage that may occur in the 
brain and the spinal cord, and their identification, analysis, and 
significance. 

These Proceedings contain a wealth of information for anyone 
with an interest in any aspect of injury to the central nervous 
system. 

Glasgow, Scotland, October 1983 J. HUME ADAMS 
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With 1 Figure 

Summary 

Clinica! studies have demonstrated that, with regard to death, thc two worst 
types of head injury are subdural haematoma (SDH) and diffuse axonal injury 
(DAI). These two have different mechanisms of causation; SDH occurs much 
more commonly in non-vehicular injuries, especially falls, while DAI is caused, 
almost exclusively by vehicular mechanisms. The production of these two types of 
injury in non-impact acceleration models helps to explain these ca usa! differences, 
but also shows that both injuries share a common mechanical cause, differing only 
in degree. SDH is due to vascular injury that is caused by relatively short duration 
angular acceleration loading at high rates of acceleration. These are the 
circumstances that occur in falls where the head rapidly decelerates because of 
impact to firm, unyielding surfaces. DAI is also due to angular acceleration ofthe 
head, but occurs most readily when the head moves coronally and it only occurs 
when the acceleration duration is longer and the rate of acceleration lower than 
conditions that produce SDH. These conditions are met in vehicle occupants 
where impact to deformable or padded surfaces lengthens the deceleration and 
decreases its rate. In DAI the principal mechanical damage is to the brain itself 
(mainly to axons) while in SDH the primary damage occurs to surface blood 
vessels. 

Now that models of the two most important types of head injury ha ve becn 
created in the laboratory, it is hoped that a better understanding of their 
pathophysiology will result in new strategies to affect protection from their 
occurrence and in improved treatmcnt when they do occur. 

Keywords: Head injury; man; experimental; diffuse. 

Trauma 
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Introduction 

In general terms, head injuries include two distinct varieties, 
each having its own unique set of mechanical aetiology, clinica! 
symptomatology, pathophysiology and outcome. Foca! injuries 
result from primary localized tissue damage. The cortical contu­
sions, subdural haematomas, epidural haematomas and intra­
cerebral haematomas that comprise the focal injuries can cause 
coma ifthey are sufficiently large to produce brain shift, herniation 
and brain stern compression. The diffuse brain injuries are 
fundamentally different and are associated with widespread 
primary brain damage. This damage may be principally functional 
as in the case of concussive injuries, or may be structural as seen in 
prolonged. traumatic coma unassociated with mass lesions, a 
condition recently termed diffuse axonal injury (DAI)2· 6 . The 
diffuse brain injuries, when sufficiently severe, cause coma, not by 
brain stern compression, but by primary injury to the cerebral 
hemispheres or the brain stern. 

Our recent efforts ha ve been aimed at 1) defining the importance 
of the different types of head injury with regard to death and 
disability, 2) determining the circumstances that cause the injuries 
and 3) duplicating these injuries in experimental models. This paper 
reviews these efforts. 

Importance of Lesion Type to Mortality aud Morbidity 

Data from University of Pennsylvania Head Injury Center 

In order to ascertain the relative importance ofthe various types 
ofhead injury, 434 hospitalized head-injury patients were analyzed. 
These patients comprised consecutive admissions to the University 
of Pennsylvania Head Injury Center and all had at least one 
computerized tomographie (CT) scan. Patients of all degrees of 
severity were included and each diagnosis (lesion) obtained from 
CT scan, surgery, necropsy or clinica! sources was recorded. 
Table 1 records the most frequently occurring lesions that were 
judged most responsible for the clinica] symptoms and signs, their 
incidence in the series, their outcome and their incidence in those 
who died. Acute subdural haematoma (SDH) occurred in 9% of 
the 434 patients, was fatal in 47% of these patients, and accounted 
for 34% of the deaths. The severe form of DAI (coma > 24 hours 
with brain-stem signs) was similarly over-represented in the non­
survivors. Although present in only 4% ofthe whole group, its high 
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Table 1. lmportance of Lesions with Regard to Outcome 
al/ Hospitalized Patients. n = 434 

Lesion type Overall Outcome Outcome Outcome Incidence Mortality 
incidence good- severe- death m non- index = deaths 

mod. veg. survivors per 10,000 
o/o % 0/o % % 

SDH 9 34 19 47 34 423 
Severe DAI 4 6 29 65 21 260 
\1oderate DAI 13 33 56 11 11 143 
ICH 4 50 22 28 9 112 
Contusion 13 82 Il 7 7 91 
EDH 5 68 28 4 2 20 
Concussion 24 97 3 o o o 
\1iscellancous 28 79 14 7 16 196 

Total 100 100 1,245 

For this and subscquent tables and figures the following abbreviations are 
used: 

SDH = acute subdura1 haematoma. 
DAI = diffuse axona1 injury (pro1onged coma without mass lesions). 

Severe DAI = coma > 24 hours with decerebration and brain-stem signs. 
Moderate DAI = coma > 24 hours without decerebration. 

ICH = intracerebra1 haematoma. 
EDH = extradura1 haematoma. 
Outcome categories arc according to the G1asgow outcome scale. 
Mortality index = (overall incidence) x (mortality rate). 
fx = fracture. 
Outcomes arc % of each lesion type (for each 1esion % good-mod. + % 

severe-vcg. + % dead = l 00). 

mortality rate (65%) resulted in 21% of the deaths. Next in 
frequency as a contributor to death was the moderate form of DAI 
(coma > 24 hours without brain-stem signs). This lesion occurred 
in 13% ofthe patients, caused death in Il% and accounted for 11% 
of the deaths in the series. Thus two lesions, SDH and DAI, were 
responsible for two thirds ofthe deaths, more than all other lesions 
combined. 

The least severe injuries were those associated with a high 
incidence of acceptable survival (good and moderate recovery). 
Table 1 shows that the most favorable head injuries are concussion, 

" 
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contusion and extradura1 haematoma with 97, 82, and 68% attaining 
acceptable recovery respectively. 

In determining the overall significance of a single diagnosis 
within the entire spectrum of lesions, consideration must be given 
not only to the mortality rate of the lesion, but also to how 
frequently that lesion occurs. Thus, a lesion may cause a high 
percentage of fatalities, but is so uncommon that the total number 
of deaths that result is small. On the other hand, the mortality rate 
for a lesion may be moderate, but the lesion is so frequent that 
many deaths are caused by it. Thus, the importance of any 
particular lesion can be estimated by the product of its frequency 
(incidence) and its morta1ity rate. This product, the mortality index, 
can then be used to determine the overall importance of each lesion 
in a population of head-injured patients. The mortality index 
establishes the lesion's importance for a series of 10,000 similarly 
injured patients and expresses the number of patients who will die 
of a particular lesion in a series of 10,000. Thus for SDH, severe 
DAI and moderate DAI respectively, Table 1 predicts that for 
10,000 hospitalized head-injured patients, 423 will die with SDH, 
260 from severe DAI and 143 from moderate DAI. Conversely, 
traumatic intracerebral haematoma (ICH) had the same incidence 
as severe DAI (4%), but becauseits mortality rate was lower (28%), 
ICH is not as important a lesion as is DAI (mortality indices of 112 
and 260 respectively). 

These data demonstrate, overwhelmingly that the two most 
important lesions with respect to deathfrom head injury are SDH and 
DAI. 

Datafrom Multicenter Study of Outcome 

Data were gathered from seven head-injury centres in the United 
States to test the resu1ts found in the University of Pennsylvania 
series 7 . Because the intention was to determine the conditions most 
responsible for death and disability, this study was confined to 
severely injured patients. Thus this multicenter study comprised all 
patients with non-missile injuries who had G1asgow coma scores 
(GCS) less than nine for at least six hours whereas the Pennsylvania 
series referred to above included all hospita1ized head-injured 
patients. Table 2 summarizes the findings. There were 1,107 
patients in the series, 56% with focal injuries and 44% with diffuse 
brain injuries. Not on1y were focal injuries more frequent than 
diffuse injuries, but overall, focal injuries were more 1ethal than 
were the diffuse injuries, 48% and 32% mortality respectively. As in 
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Table 2. lmportance of Lesions to Mortazfty in Severe Head lnjury 

Lesion type N Incidence (%) Lesion Mortality 
mortality (%) index 

F o cal in j uries 

Extradural 
ha ema toma 96 9 20 180 

Subdural 

haematoma 319 29 61 1,769 

Other foca! 

injuries 205 18 39 702 

Diffuse injuries 

DAI-mild 

(coma 6--24hours) 92 8 15 120 

DAI-moderate 

(coma < 24hours; 
not decerebrate) 219 20 24 480 

DAI-severe 

(coma < 24 hours; 
decerebrate) 176 16 51 816 

Total 1,107 100 41 4,067 

the Pennsylvania series, SDH was the worst lesion in head injury; it 
carried a 61% mortality (74% in those with a GCS 3, 4, or 5) and 
because of its high incidence (29% of the series), it alone was 
responsible for 43.5% of all deaths. Moderate and severe DAI 
together were more common (36% of the patients), but the 
mortality rate was less (36% ). They were however responsible for 
32% ofthe deaths. Thus two lesions, DAI and SDH accounted for 
three fourths of all deaths. 

This multicenter series of severely head-injured patients sub­
stantiated the findings of the U niversity of Pennsylvania series, i.e. 
SDH and DAI produce more head-injury deaths than al! other lesions 
combined. 

Causal Circumstances Associated with Various Head lnjuries 

The circumstances that caused the various types of lesion were 
analyzed from the University of Pennsylvania series. Table 3 
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Table 3. Causes of Severe Head Injuries (GCS 8 or less) 

Injury cause 

Vehicle occupant 
Pedestrian 
Fali 
Assault 
Other 

Injury cause 

Vehicle occupant 
Pedestrian 
Assault 
Fall 

PERCENT 
100 

DTHER 90 

80 

FALLS 70 

60 

ASSAULTS 50 

40 

PEOESTR1ANS 30 

2D 

VEHICLE 
OCCUPANTS 10 

Foca! 
InJury 

19% 
14% 
48% 
16% 
3% 

100% 

Foca! 
tnjury 

24% 
20% 
56% 
73% 

VWLT FX DEP FX BASE FX EOH 

Diffuse 
inJury 

41% 
40% 
10% 
8% 
1% 

100% 

Diffuse Total 
mJury 

76% 100% 
80% 100% 
44% 100% 
27% 100% 

ICH CGNTUS SDH CDNCUSS MOD. DAI SEV. DAI SERIES 

Fig. 1. Causes of common types of hcad injury (al! hospitalized patients, n = 434) 
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Table 4. Frequency of Common lnjuries According to Cause 

Less common 
than expected 

As common 
as expected 

More common 
than expected 

Vehicle occupants * ICH COllCUSSIOll * severe DAI 
moderate DAI 
basilar fx 

vault fx contusion 
depressed fx SDH 
EDH 

Pedestrians * ICH concussion * moderate DAI 
basilar fx 

Assaults 

Fa Ils 

Other 

EDH 
SDH 
severe DAI 
contusion 

* EDH 
basilar fx 
moderate DAI 
severe DAI 

* severe DAI 
* moderate DAI 

depressed fx 
basilar fx 

* moderate DAI 
* severe DAI 

SDH 
ICH 

* p = > 0.05. 

vault fx 
depressed fx 

COllCUSSIOll 

contusion 
vault fx 
SDH 

concusswn 
contusion 

concusswn 
contusion 
vault fx 
basilar fx 

* ICH 
depressed fx 

* EDH 
vault fx 
SDH 
ICH 

* EDH 
depressed fx 

demonstrates the overall findings in the severely injured patients 
(GCS < 9). There is a marked difference in the type of injury 
produced by various causes. Whereas almost half ( 48%) of the 
foca! injuries were caused by falls, only 10% ofthe diffuse injuries 
were produced by this mechanism. Conversely, vehicular injuries 
(occupants and pedestrians) accounted for 81% of the diffuse 
injuries and for only one third of the foca! injuries. 

Table 3 also shows that vehicular accidents produced diffuse 
injuries three to four times as often as foca! injuries while the inverse 
relation exists for falls (1: 3, diffuse: foca!). Assault injuries caused 
an almost equal number of focal and diffuse injuries. 

The cause of injury for the more frequent specific injury types in 
the whole series is shown in Fig. 1. If each cause ofinjury produced 
the same spectrum of injuries, it would be expected that for each 
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specific injury the distribution of causes would be exactly the same 
as for the whole series (the furthest right column in Fig. 1). Thus, 
since vehicle occupant mechanisms caused 24% of the injuries to 
the 434 patients, it is expected that 24% of each of the specific 
injuries would be due to this cause if occupant injuries were similar 
to the other injury mechanisms. That this is not the case is 
demonstrated in Fig. 1, where the frequency of occupants is much 
higher than expected for severe DAI, moderate DAI and basilar 
fracture. Similarly pedestrians are much more likely to incur 
moderate DAI than expected. Only concussion and cortical 
contusion are caused by mechanisms with freq uencies equal to that 
anticipated by the distribution of causes. Table 4 extracts the 
frequency of the injuries according to the causes of injury and 
shows that vehicular mechanisms ( occupant and pedestrian) are 
much more likely to cause DAI whereas assaults, falls and other 
mechanisms cause fewer cases of DAI than expected. SDH is more 
commonly due to falls and is produced less frequently in pedestrian 
lllJUfleS. 

In the severely injured patients, analysis of the two worst head 
injuries ( SDH and DAI) showed a marked difference in cause: 

Falls/assaults 
Vehicular 

SDH DAI 

71% 
24% 

10% 
89% 

Thus almost al! cases of DAI were caused by vehicular injury while 
most subdural haematomas were non-vehicular in nature. 

Experimental Models of Brain Injury 

Our goal has been to create the important types ofhead injury in 
the laboratory so that these lesions can be more fully studied than is 
possible in clinica! situations. Three groups of experiments are 
briefly described that have led us to our current state. Ali three 
experiments had similar designs and were intended to isolate 
various injury mechanisms in as pure a form as possible in the 
laboratory. In order to assure reproducibility from animal to 
animal certain conditions had to be met: 1) the in put to the head 
must be applied in a quantitatively repeatable, precise manner, and 
2) the response of the head must be exactly the same from 
experiment to experiment. In order to accomplish these ends, 
sophisticated head accelerating machines were designed that were 
capable of delivering a programmable and reproducible accelera-
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tion load to the head in a manner that prevented impact to the head. 
The head was coupled to the accelerating machine so that it moved 
exactly the same as programmed by the machine. Finally, the 
movement of the head was controlled so that the type and 
magnitude of head motions were the same from animal to animal. 

HAD-ll Experiments 

The first experiments utilized the head accelerating device­
model HAD-II 11 . The HAD-II was fitted to deliver eq uivalent 
accelerations of one oftwo types. Translational acceleration moved 
the head from posterior to anterior along a straight line, keeping 
within the anatomical constraints of the squirrel monkey. The 
second movement was angular acceleration with a centre of 
rotation in the lower cervical spine. The acceleration in both cases 
was evenly distributed over the head so that focalloading did not 
occur (impact was prevented) and the physiological responses to 
various levels of acceleration were observed. These experiments 
demonstrated that angular acceleration regularly produced cerebral 
concussion whereas translational acceleration, even at higher 
acceleration levels, did not. Translational acceleration did produce 
pathological changes, mostly contusional and occasionally an 
intracerebral haematoma, but did not produce concussion. 

Penn 1 Device 

Our aim was to produce prolonged coma with DAI and because 
we felt that this condition was a more severe form of injury than 
concussion we felt it was necessary to increase the acceleration 
levels from those used in the first HAD-II device animals. However, 
we also wished to use animals with a larger brain so that more 
intensive physiological monitoring could be done. This was not 
physically possible with the HAD-11 device so the Penn-I machine 
was developed. This device used a pneumatic actuator to push a 
lifter, to which a macaque's head was secured in a plastic helmet. 
Since our interest was in the concussive injuries and since the 
HAD-II studies showed that translational acceleration did not 
produce these injuries, only angular acceleration was used. 

By moving the head 60° from posterior to anterior in the sagittal 
plane, varying degrees of injury were produced depending on the 
amount of acceleration used 1 • 8 • 9 . An experimental trauma severity 
(ETS) scale was devised to describe these degrees ofinjury and was 
based on observable changes in cardiac, respiratory or neurological 
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sta tus following injury. Seven responses to-acceleration were found 
as follows: 

In ETS grade O, there was no evidence that the brain had been 
disturbed by the acceleration. The animals were completely normal 
beha viourally and neurologically immediately after the 
acceleration. 

In ETS grade 1, there were changes in the systemic arterial 
pressure or heart rate, but the animals were behaviourally and 
neurologically normal. 

In grade 2, a brief period of respiratory irregularity or apnoea 
accompanied the alterations of arterial pressure and heart rate, but 
the animals were not behaviourally unconscious. 

Animals with ETS grade 3 had an absent corneal reflex for 30 
seconds or less and, in addition, they showed the same changes in 
vital signs as in ETS grade 2. However, these animals were 
unconscious for a brief period of time. On awakening, almost 
always within oneto three minutes afterthe acceleration, behaviour 
rapidly returned to normal and remained so. 

Grade 4 ETS was distinguished from grade 3 by abolition ofthe 
corneal reflex for more than 30 seconds. The animals were 
behaviourally unconscious for 5 to 15 minutes and then awakened 
slowly. Behavioural abnormality often persisted, manifested as 
timidity and disinterest in the environment. 

Grade 5 was defined as a fatal outcome from a neurological 
death within six hours of injury. Many animals, however, would 
have died without life support within a few moments of injury. 
These animals were instantaneously unconscious and remained so. 

Grade 6 ETS was reserved for two animals that received very 
high acceleration levels. Both suffered instantaneous death and 
cessation of al! vital functions at the moment of injury. 

The Penn-1 model, using a single injury mechanism, angular 
acceleration, was therefore able to produce a spectrum of brain 
injury ranging from no injury to instantaneously lethal. 
Pathologically-as will be shown in the next paper-almost every 
type of primary brain in j ury seen in man was seen in this model 3 - 5 . 

The principal exception was DAI, the lesion we most wanted to 
produce. However, in addition to producing subconcussive injuries 
(ETS grades 0-2) and severa! degrees of concussion (ETS grades 3 
and 4), thc Penn-1 devicc did produce the most important head injury 
lesion, acute SDH. Small amounts of subdural blood were seen in 
many ETS grade 4 animals, but virtually all ETS grade 5 animals 
dicd because of large subdural haematomas. 
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Penn-II Device 

The cause of the subdural haematomas created by the Penn-I 
device was postulated to be due to the rapidly applied acceleration 
characteristic of the helmet system and acceleration pulse used in 
those experiments (10). The Penn-II accelerator was thus created by 

Table 5. Presence ofDiffuse Axona/ Injury and Durat ion of Coma. Outcome. and 
Direction of Head Motion in Subhuman Primates Subjected ta the Penn-JI Device 

DAI absent DAI present 

A. Severity of coma 

Cerebral concussion 100% o 
Prolonged traumatic coma 

Mild (16-11 9 minutes) 50% 50% 
Moderate (2-6 hours) o 100% 
Severe and PC ( > 6 hours) o 100% 

B. Outcome 

Good recovery 100% o 
Moderate disability 43% 57% 
Severe diability and PC o 100% 

C. Direction of acceleration 

Sagittal 92% 8% 
Oblique 50% 50% 
Lateral 12% 88% 

DAI: diffusc axonal injury; PC: prolonged coma at sacrifice. 

modifying Penn-I so that the acceleration could be applied more 
slowly and the head could be controlled more precisely in a metal 
helmet. Thus the duration of acceleration was longer in Penn-II and 
the acceleration rate was lower. Angular acceleration was used and 
impact to the head prevented as before. 

Lengthening the acceleration duration and decreasing the 
acceleration rate resulted in trauma tic coma that was longer than in 
Penn-I and, as importantly, did not produce SDH. Finally, the 
direction of head movement was modified to compare sagittal, 30° 
off-sagittal oblique and coronal (lateral) motions. It was found that 
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as the direction of head motion went from sagittal to oblique to 
coronal, there was an increasing duration and severity of trauma tic 
coma. The full lateral motions produced deep coma with de­
cerebration that lasted as long as one week, accompanied~as will 
be shown in the next paper~by the characteristic pathological 
findings of DAJ6. The presence and amount of axonal damage 
paralleled the severity of injury as measured by the duration of 
coma, neurological signs and outcome (Table 5). These findings led 
to the conclusion that axonal damage produced by coronal plane 
angular acceleration is a major cause of prolonged trauma tic coma 
and its sequelae and that, in the absence of compounding secondary 
complications, the outcome from head injury depends on the 
amount and distribution of axonal damage. 

It now appears that, except for skull fracture and epidural 
haematoma, virtually al! types of primary head injury can be 
produced by angular acceleration applied to the head in the 
appropriate manner. 
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Head Injury in Man and Experimental Animals: 
Neuropathology 
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Summary 

Ali ofthe principal types ofbrain damage that occur in man as a result of a non­
missile head injury, viz. cerebral contusions, intracranial haematoma, raised 
intracranial pressure, diffuse axonal injury, diffuse hypoxic damagc, and diffuse 
swelling ha ve been produced in subhuman primates subjected to inertial, i.e. non­
impact, controlled angular acceleration of the head through 60° in the sagittal, 
oblique and lateral planes. 

Keywords: Head injury; man; experimental; diffuse axonal injury. 

Introduction 

The most important factor governing outcome in a non-missile 
head injury-and indeed in almost any type of injury-is the 
damage sustained by the brain 2 . Some of this may occur at the 
moment of injury (primary brain damage) but often much of the 
brain damage is caused by a complication of the original injury 
(secondary brain damage). Thus, the initial injury-whether mild 
or severe-may set in motion a progressive and dynamic sequence 
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Table 1. lncidence of Fora! and Diffuse TJpes ofBrain Damage After Non-Missile 
Head lnjury in Man and Experimental Subhuman Primates 

Man without Penn. 1 Man with Penn. 2 
DAI (n = 132) (n = 53) DAI (n = 45) (n = 26) 

Foca! brain 
damage 

Total mean 
contusion index 17.8 4.2 8.3 1.3 
Subdural 88.0 19.0 5.0 Nil 
haematoma (66.7%) (35.9%) (11.1%) 
Rai sed intra- 114.0 31.0 25.0 Nil 
cranial pressure (86.4%) (58.5%) (55.6%) 

Diffuse brain 
damage 

Diffuse axonal Nil Nil 45.0 18.0 
injury (100%) (69.2%) 
Hypoxic damage 
in cerebral 61.0 4.0 22.0 Nil 
cortex (47.2) (7.5%) (48.9%) 
Brain swelling 24.0 13.0 7.0 Nil 

(18.2%) (24.5%) (15.6%) 

of events, the identification and understanding of which is the 
essence ofthe management of a patient with a head injury. There is, 
however, an increasing tendency to think of brain damage in head 
injury as being foca! or dif/ilse 3 • In this era of computerized 
tomography foca! brain damage-and its type-are usually known 
to be present during life, and are easy to identify post mortem: foca! 
brain damage includes contusions, intracranial haematoma, shift 
and herniation of the brain, and rai sed intracranial pressure. In an 
unconscious patient without any evidence of intracranial 
haematoma-a situation that occurs in almost 50% of patients 
who ha ve sustained a severe non-missile head injury 1 1-it is 
usually concluded that the patient has sustained diffuse brain 
damage but its precise type is rarely identifiable during life: the 
three principal types of diffuse brain damage that occur in patients 
who survive their injury for more than a few hours are diffuse 
axonal injury, diffuse hypoxic brain damage and diffuse brain 
swelling 3 . 
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There has in the past been a tendency to assume that something 
must strike the head, or that the head must strike something, before 
structural brain damage can be brought about by a non-missile 
head injury. The aim ofthis brief communication is to demonstrate 
that all ofthe types ofbrain damage that occur in man as a result of 
a non-missile head injury can be reproduced in subhuman primates 
without anything striking the head using the Penn. 1 and Penn. 2 
devices described in the previous pa per 10 and based on inertial, i.e. 
non-impact, controlled angular acceleration of the head through 
60" in the sagittal, oblique or lateral planes. As has been shown by 
Gennarelli in the previous pa per 10 , the two most important causes 
of death from non-missile head injury in man are subdural 
haematoma (SDH) and diffuse axonal injury (DAI), and both of 
these have now been reproduced in subhuman primates in the 
laboratory by the Penn. 1 and Penn. 2 devices respectively. In the 
description that follows a comparison will be made of the principal 
neuropathological findings (Table 1) in patients dying as a result of 
a non-missile head injury with and without DAJ6 and in subhuman 
primates subjected to angular acceleration in the Penn. 1 5 and 
Penn. 2 1 2 devices. 

Focal Brain Damage 

Cerebral Contusions 

Contusions occur characteristically at the frontal and temporal 
poles and on the under aspects of the frontal and temporallobes 
where brain tissue comes in contact with bony protuberances in the 
base of the skull. They are most severe at the crests of gyri but may 
extend through the cortex into the subcortical white matter: in the 
early stages they are haemorrhagic and swollen but with the 
passage of time come to be represented by shrunken, brown scars. 
Since the damage is foca!, patients with quite severe contusions may 
make a smooth and uneventful recovery from head injury ifthey do 
not sustain any other type of focal or diffuse brain damage. 

Contusions have long been recognized as a hallmark of head 
injury, but in previous years assessment of their severity has been 
made on a descriptive and subjective hasis. In an attempt to assess 
contusional damage quantitatively and more objectively, we have 
established a numerica! system, the contusion index, for grading the 
depth and extent of contusions in various anatomical loca tors of 
the brain 7 • 9 • 16 . The higher the total contusion index (TCI) in a 

Trauma 
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Fig. 1. Cerebral contusions. a Patient with subdural haematoma; b patient with 
diffuse axonal injury; c subhuman primate subjected to the Penn. 1 device; d 
subhuman primate subjected to the Penn. 2 device. There are haemorrhagic 
contusions affecting the orbita! gyri and the temporal poles . Note that the 
contusions are more severe in a and c than in b and d (c from Adams eta/4 ) 
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given brain, the greater the severity of contusional damage. This 
has allowed us to establish (Table 1) that contusions are 1ess severe 
in patients with DAI (mean TCI = 8.3) than in those without DAI 
(mean TCI = 17.8; p > 0.0001 6 ) . Contusions were readily pro­
duced in the SDH-inducing Penn. 14 device (mean TCI = 4.2) but 
they were less severe in the DAI-inducing Penn. 2 device (mean 
TCI = 1.3) (Figs. 1 a-d). 

Fig. 2. Acute subdural haematoma covering the anterior two thirds of the right 

cerebral hemisphere in a subhuman primate subjected to the Penn. 1 device 

Intracranial H aematoma 

These occur in three principal sites-the extradural space, the 
subdural space, and within the brain 7 . Extradural haematoma was 
not produced in subhuman primates with either the Penn. 1 or 
Penn. 2 devices but this is not surprising since extradural 
haematoma is basically a complication of a fracture of the skull 
which, in turn, tears a meningea1 artery: fractures of this type were 
not produced in the experimental model. 

Acute SDH often attributable to tearing of parasagittal bridging 
veins was more commonly present in patients without DAI than in 
patients with DAI (66.7% compared with 11.1 %, p > 0.001; see 

2' 



20 J . H. Adams etal.: 

Fig. 3. Jntracerebral haematoma. a Bilateral frontal haematomas in man without 
diffuse axonal injury; b haematoma in the left temporal lobe of a subhuman 

prima te subjected to the Penn. 1 device (b from Adams et al. 5) 
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··-.. . . 

a 

'. 
J ~ · 

b 

Fig. 4. Pressure necrosis in the left parahippocampal gyrus (arrow). a Patient with 
SDH; b subhuman primate subjected to the Penn. 1 device. Note also the subtotal 

loss of neurons in the Sommer sector of the Ammon's horn. Cresyl violet x 3 
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Table 1). Intracrania1 haematoma~usually acute SDH (Fig. 2) was 
also readily produced with the Penn. 1 device (35.9%): none, 
however, was produced by the Penn. 2 device. The animals with 
SDH died very soon after their injury as a result of a rapidly 
expanding intracranial mass. Intracerebral haematomas similar to 
those seen in man were occasionally produced by the Penn. 1 device 
(Figs. 3 a and b ). 

Brain Damage Secondary to Raised Intracranial Pressure 

This is a frequent occurrence in patients who sustain non-missile 
head injuries, the sequence of events being intracranial haematoma 
or brain swelling, brain shift, the development of interna! herniae, 
compression ofthe midbrain or the medulla oblongata, aud finally 
haemorrhage and/or infarction in the brain stern. The incidence of 
raised intracranial pressure (Table 1) as shown by the presence of 
pressure necrosis in o ne or both hippocampal gyri (Fig. 4 a 1) was 
86% in patients without DAI compared with 56% in patients with 
DAI (p > 0.001). Some degree of brain shift aud tentorial 
herniation (Fig. 4 b) was apparent in a few of the Penn. 1 animals 
which were maintained on life support systems for some hours after 
the appearance of an acute subdural haematoma, but secondary 
damage to the brain stern was not identified. This could be 
attributed to the short period of survival. In none of the Penn. 2 
animals was there evidence of raised intracranial pressure. 

Diffuse Brain Damage 

Diffuse Axonal Injury 

This type of brain damage in man has been known in the past by 
a variety of names 8 • 1 5 • 17 - 19 but it is a well-defined clinico­
pathological entity 6 • 8 characterized in its classical form by the 
immediate onset of coma at the time of injury; persistent coma, a 
vegetative state or severe disability thereafter; and the presence of 
focallesions in the corpus callosum (Fig. 5 a) and in the dorsolateral 
quadrant or quadrants ofthe rostral brain stern (Fig. 6 a) which can 
more often than not be identified macroscopically, and histological 
evidence of diffuse injury to axons. The nature of the latter depends 
on the period of survival: when survival is short ( days) there are 
numerous axonal retraction balls throughout the white matter (Fig. 
7 a): when it is longer (weeks) the most striking feature is the 
presence of vast numbers of small clusters of micro glia throughout 
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Fig. 5. Diffuse axonal injury. a Numerous small foci ofhaemorrhage are present in 
the corpus callosum in a patient who died 5 days after a road traffic accident; b 
haemorrhagic lesions in the corpus callosum of a subhuman prima te subjected to 
the Penn. 2 device and sacrificed 48 hours !a ter (a from Adams et al. 6 , and h from 

Gennarelli et af.l 2 ) 

the white ma:tter (Fig. 8 a); and when a patient survives vegetative 
for some months after injury 7 • 8 • 1 4 • 17 , widespread destruction of 
myelinated fibres can be demonstrated by the Marchi technique in 
the cerebral hemispheres and in descending tracts throughout the 
brain stern and the spinal cord. 

This type ofbrain damage has been produced for the first time in 
an experimental model using the Penn. 2 device referred to in the 
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previous paper by Gennarelli 10 and was associated with prolonged 
coma in the absence of an intracranial haematoma or evidence of 
raised intracranial pressure. Thus focal lesions in the corpus 
callosum (Fig. 5 b) and in the rostral brain stern (Fig. 6 b) were 
produced and were usually apparent macroscopically: in animals 
that were allowed to survive for up to a few days after their injury, 
there were numerous axonal retraction balls (Fig. 7 b ), particularly 

Fig. 6. Diffuse axonal injury. a There is extensive haemorrhage in the dorsolateral 
quadrant of the rostral po ns- same patient as Fig. 5 a; b severa! small foci of 
haemorrhage are present in the dorsal part of the ro strai pons-same subhuman 

prima te as Fig. 5 b (both from Adams et al. 6 ) 

in the parasagittal white matter, in the corpus callosum, and in the 
brain stern; in the anim als that were kept alive for more than one 
week, small clusters of micro glia were readily identifiable in white 
matter (Fig. 8 b): no animal has yet been kept ali ve long enough to 
allow of the demonstration of Wallerian-type degeneration of 
white matter. There was a close correlation between the severity of 
diffuse axonal injury and the duration of trauma tic coma 1 2 . 

Hypoxic Brain Damage 

This is found frequently in patients dying as a result of a non­
missile head injury provided appropriate histological studies are 
undertaken 1 3 . Although damage is most freq uently seen in the 
basal ganglia and in the hippocampus, there is also a high incidence 
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Fig. 7. Diffuse axonal injury. a Axonal retraction balls in the pons; patient died 3 
days after a head injury; b axonal retraction balls in the pons of a subhuman 
prima te subjected to the Penn. 2 device and sacrified 24 hours !ater. Both Palmgren 

x 100 (both from Adams et al. 2 ) 
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Fig. 8. Diffuse axonal injury. Clusters of microglia in the whitc matter of the 
cerebral hemispheres. a Patient died 6 wecks after a head injury; b subhuman 
primatc subjccted to the Penn. 2 device and sacrificed 7 d ays !ater. Crcsyl violet, 

a x 100, b x 200 (b from Gennarelli et al. 12 ) 

of hypoxic damage in the cerebral cortex: this may take several 
forms, the c·ommonest being involvement of arterial boundary 
zones, diffuse damage in the cortex, and involvement of the 
anterior and middle cerebral arterial territories. The incidence and 
distribution of hypoxic damage in the cortex of patients with and 
without DAI is similar (Table 1). Hypoxic damage comprising 
multiple well-defined foci of neuronal necrosis throughout the 
cortex was seen in only 4 of the subhuman primates subjected to 
angular acceleration with the Penn. 1 device: this, however, is not 
surprising since the animals were carefully monitored so that 
systemic hypoxia and hypotension did not occur. Such lesions were 
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Fig. 9. Unilateral brain swelling. a There is diffuse swelling of the left cerebral 
hemisphere and a shift ofthe midline structures to the right; patient died 10 days 
after evacuation of a trauma tic SDH, b large haemorrhagic externa! hernia cerebri 
in the posterior frontal region of the right cerebral hemisphere in a subhuman 
primatc subjected to thc Penn. 1 device. A right SDH was evacua ted through a 
craniotomy 47 minutes after injury (a from Adams et al. 7; b from Adams et al. 5) 
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not seen in the Penn. 2 animals. It is, however, interesting to note 
that with both the Penn. 1 and Penn. 2 devices there was a high 
incidence of focal1esions of ischaemic type in the Ammon's horns 
(Fig. 4 b ). The precise pathogenesis ofthis type ofbrain damage has 
not been identified. 

Brain Swelling 

This type of brain damage occurs as a result of a non-missile 
head injury in man in two principal forms~diffuse swelling of one 
cerebral hemisphere (Fig. 9 a), often in relation to an acute subdural 
haematoma, and diffuse swelling ofboth cerebral hemispheres. The 
incidence of brain swelling in patients with and without DAI was 
similar (Table 1). Diffuse swelling of one hemisphere was a frequent 
occurrence in the subhuman primates that developed an acute 
subdural haematoma: indeed this swelling was so severe that if a 
craniectomy was undertaken, an externa! hernia developed very 
rapidly (Fig. 9 b ). Diffuse swelling of both hemispheres has not 
been produced in subhuman primates and this may be at least 
partly attributable to the fact that in man this type of swelling tends 
to occur principally in children and adolescents. 

Discussion 

It should be clear from this account that all of the major types of 
brain damage that occur in man as a result of a non-missile head 
injury have been reproduced in subhuman primates subjected to 
inertial, i.e. non-impact, controlled angular acceleration of the 
head. Thus, nothing needs to strike the head nor the head to strike 
something in the production of these various types of brain 
damage. What matters is the degree, direction and duration of 
acceleration/deceleration impulses. 
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Summary 

Standard parasagittal lesions were placed stereotactically in the cerebral 
hemispheres of neonatal and adult rats in order to compare scarring in the 
immature and mature animal. Lesions were examined by light and electron­
microscopy and immunofluorescence to study the astrocyte reaction, collagen 
deposition, and the formation of the basement memebrane of the glia limitans. 

Normal mature scarring characterized by the deposition of collagen, astrocyte 
end-feet alignment over a glia limitans, and the permanent presence of 
mesodermal cells (fibroblasts and macrophages) in the core ofthe lesion, does not 
occur in wounds before 8-10 days post-partum (dpp). Instead there is no 
deposition of collagen, and only a transitory astrocyte response occurs with the 
formation of an interrupted glia limitans. These latter features disappear with time 
so that the wound is ultimately obliterated by the growth of axons and dendrites 
through the lesion. Mature scarring is attained over 8-12dpp when increasing 
amounts of collagen are deposited and a continuous permanent glia limitans is 
formed. 

The acquisition of the mature response to injury from 8-12 dpp may be 
correlated with the presence of increasing titres of a fibroblast growth factor 
(FGF), derived from autolytic digestion of injured brain tissue. We have 
investigated FGF activity using a 3 T 3 fibroblast tissue culture assay to detect 
mitogenic activity in brain extracts from rats lesioned at different ages and from 
leukodystrophic mice which have no myelin. 
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Our rcsults show that high titrcs of FG F are present in the developing brain 
long beforc myelination commenccs. and that normallevels of FGF are found in 
the brains ofleukodystrophic mi ce which ha ve no myelin. Scarring in brain lesions 
in these mutants is quite normal. 

KeyH"ords: Brain lesions: mcsodcrmaVglial scarring: maturation of scar tissue: 
brain derived FGF: leucodystrophic mutant mice: shivcrer: myclin deficient; 
quaking. 

Introduction 

Both glia and mesodermal cells participate in the formation of 
scar tissue in the central nervous system (CNS). The mesodermal 
elements include haematogenous celJsL 24 and fibroblasts 38 derived 
from the meninges and other connective tissue sources 27 . Astrocytes 
constitute the glia component exclusively 7 • 12 • 13 • 29 • 33 .44 ·4 s.sLsz and 
probably interact with mesoderm to produce basement mem­
brane 2 · 36 · 38 · 40 · 44 . The scar that eventually forms across a breach 
in the blood-brain barrier essentially reconstitutes the glia limitans 
externa 46 · 49 , a trilaminate structure composed sequentially of 
astrocytic end-feet, basement membrane, and collagen fibrils and 
fibroblasts from within outwards. Interestingly, this response is 
only a feature of adult brain lesions. In very young animals little 
scar tissue is deposited in wounds in the CNS 5 • 49 . Indeed, mature 
scarring, involving both an astrocytic reaction and the influx of 
fibroblasts, appears only in the late neonatal period in rats. Before 
this time, the tissue simply grows together after injury without the 
intervention of a gliaVcollagen cicatrix. A study ofthe development 
of scarring in the brain might therefore help to elucida te many of 
the enigmas that presently cloud an understanding of the injury 
response of the CNS, like, for example, the nature of the stimuli 
which initiate collagen and basement membrane synthesis, 
mobilize the astrocytic reaction, and attract mesodermal cells into 
the wound. 

Trophic factors are secreted by macrophages in the 
wound 9 •22 •33 •34•53 and include endothelial and fibroblast mitogens 
and collagen synthesis activators 9 ' 22 . A factor bas recently been 
discovered within the brain which is also mitogenic for fibro­
blasts 17 - 20 . However, there is much conjecture relating to both the 
origin ofthis brain fibroblast growth factor (FGF) and to the role 
of FGF in brain scarring. For example, it has been suggested that 
FGF is derived from myelin ba sic protein (MBP) 20 · 5 5 , while others 
maintain that FGF is not myelin derived 1 0 • 26 • 51 but probably 
originates from an acid protein ofunknown origin 51 . Certainly, the 
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proposition that FGF is myelin derived correlates with the 
observation that the appearance of scarring is coincident with the 
onset of myelination 16 ' 39 ' 41 . 

We have, therefore, studied scarring in neonatal and adult rat 
brain, and in the CNS ofleucodystrophic mutants (shiverer, myelin 
deficient [mld] and quaking) using electron-microscopy, and 
immunocytochemical techniques for different collagen types and 
for astrocytes. FGF titres ha ve also been estimated and correlated 
both with the amounts of collagenous material deposited in wounds 
and with the state of myelination. 

Materials and Methods 

1. Light Microscopy 

a) Animals 

Rats were lesioned at 2, 4, 6, 8, 1 O, 12, 18 and 38 days post-parfum ( dpp) using a 
stereotactic instrument. The 1esion was made with an iridectomy knife to a depth 
of 3.5 mm along a 4.5 mm line parallel with the sagittal suture, 3 mm lateral to the 
mid-line and spanning the fronto-parietal suture (Fig. 1 ). Ali animals were killed at 
10 days post-lesioning (dpl). 

Adult normal and leucodystrophic mutant mice (quaking, shiverer and mld) 
were similarly lesioned (using appropriately scaled down co-ordinates) and groups 
of 5 animals allowed to survive until 20 dpl. 

b) Histochemistry 

The presence of carbohydrate ("vie" -glycol) groups in wounds was detected 
with the light microscope using the periodic acid silver methenamine technique in 
both rats and mi ce in groups of 5 animals at each age, 10 dpl and 5 dpl. Such 
compounds are probably components of the matrix of a scar in the brain. 

2. Electron-Microscope Studies 

a) Animals 

(i) Adult Rats. The right cerebral hemisphere ofWistar rats was stereotactically 
lesioned (Fig. 1) at 30 dpp and the animals allowed to recover for 1, 2, 4, 8, 16, 30 
and 60 dpl before they were killed. 

(ii) Neonatal Animals. Similar lesions (Fig. 1), using appropriately scaled down 
co-ordinates, were placed in the brains of neonatal rats aged 2, 4, 8 and 12 dpp and 
the animals were allowed to survive for 8 dpl. 

( iii) Leucodystrophic Mutants. Similar stereo tactic lesions (Fig. 1) were also 
placed in the brains of adult mutant leucodystrophic mi ce aged 40 dpp and animals 
were allowed to survive for 20 dpl. 

rrauma 
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Fig. 1. Diagram of arat brain showing thc dimensions of the knifc wound and thc 
structures damagcd along the lincs of thc lcsion: A position of the lesion on lhe 
surfacc of the hemisphcrc; B position of thc lcsion in a coronal scction of the 

hemisphcrc 

b) Fixation 

AII animals wcre pcrfuscd with S'i'o glularaldehydc in 0.1 M phosphale buffcr 
20 g/1 sucrosc addcd to givc an osmolality of 650 m Osm. The brains were 
immcrscd in fixalive for 3 hours at 4 C and lhcn washed overnight in buffcr plus 
sucrosc at 4 · C. Thc rcgion of brain containing thc lcsion was then cut into 1.5 mm 
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coronal slices and post-fixed for 1 hour in 1% osmium tctroxide in buffer plus 
sucrose and embedded, through propylene oxide, into TAAB resin. 

Silver-gold sections were stained with uranyl acetate and lead citrate and 
examined with a Philips 201 or 301 electron microscopc. 

3. lmmunocytochernistry 

a) Animals 

Parasagittal stereo tactic lesions (Fig. 1) were made in adult and neonatal rats. 
Adult ra ts, aged 30 dpp, were allowed to survive for 4, 8, 16 and 30 dpl. Nconatal 
rats aged 2, 4, 8 and 12 dpp ali survived until 8 dpl. 

Animals wcre killed with chloroform and their brains placed in liquid nitrogcn. 
Frozcn sections wcre cut at 8 flm and air dried on to slides at room temperature. 

b) Procedure 

Antibodies to types I, III, IV and V collagen were prepared as described by 
Duance et al. 14 . Incubation with an ti sera was carricd out overnight at 20 'C. After 
washing for 1 hour, sections were dried and cxposed to fluorescein-conjugated 
anti-rabbit or an ti-goat lgG (Wellcomc) for 1 hour at 20 'C. After washing again 
for 1 hour, sections were mounted in gelatin. 

4. Fibroblast Growth Factor ( FGF) 

a) Extraction 

Frcsh brains werc homogenized at 4 oc for 1 minute with 0.15 M (NH4)2 S04 

(1.5WIV) and left for 2hours, at pH 4.5. After centrifugation (23,000G for 
1 hour), the supcrnatant was dialysed overnight against 10 vols of deionizcd water. 
After a further centrifugation (23,000 G for 1 hour), the supernatant was freeze 
dried and the protein concentration determined by thc method of Lowry 31 . 

b) Assay 

F ollowing thc methods of Gospodarowicz 1 7 we ha ve invcstigated brain FGF 
aetivity in the cxtracts using a 3 T 3 fibroblast tissue eul ture assay to detect 
mitogenic activity in the brains of rats, at ditTerent ages, and in those of mature 
normal mice and murine mutants with severe CNS myelin deficiencics. 

Fi ve thousand 3 T 3 ce lis werc seeded into eaeh well of a 96 well Microtitre plate 
(Stcrilin Ltd., Middlesex) in 200 fLl of RPM 1 1640 medium with Hepcs 
supplemented with 5% foetal calf serum (fes), 100 fLg/ml pcnieillin and 100 flg/ml 
streptomyein (ali from Flow Laboratories, Seotland). The plates were ineubated at 
37 ·c in humidificd 5% C0 2 • The medium was replaccd after 8 hours, with 200 [LI 

ofthc same mcdium with 0.2% fes and 1 fLg/ml Dexamethasone (Sigma London 
Chemical Co. Ltd.). Cells were allowed to becomc quicscent for 36 hours after 
which time various conccntrations of brain extract to be tested, dissolved in 
medium containing 0.5% erystalline bovine albumin (Sigma London Chcmical 
Co. Ltd.) to minimize non-specific absorption, were added in volumcs ranging 
from 5-15 [J.l per wcll. After 12 hours, 1 O [J.l of medium containing 1 fL Ci of (methyl-
3H)-thymidine (2 Ci/mmol, Radiochcmical Centre, Amersham) and 600 ng of 

'. 
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unlabelled thymidine (Sigma London Chemical Co. Ltd.) was added to each well. 
After 24 hours incubation at 37 oc, the cells were washed twice with 200 ~-tl RPM 1 
1640. Each well was swabbed with a cotton-wool bud (Johnsons and Johnsons 
Ltd., Slough) after adding 50 fLI phosphate-buffered sali ne. Phase examination of 
wells was used to check that no cells remained after swabbing. The plastic ends of 
the buds were stuck into the corresponding plasticine filled wells of another 
Microtitre plate. This second plate was inverted over a glass dish containing 10% 
cold trichloroacetic acid (TCA), so that the tip of each bud was immersed in the 
solution. The TCA precipitates the DNA which becomes entrapped in the cotlon 
fibres ofthe bud. The buds were kept in 10% TCA for 20 minutes. They were then 
washed in a similar fashion in 5% TCA and washed again for 15 minutes in 95% 
ethanol. Afterwards they were dried at 37 oc. The cotton tip of each bud was cut 
and placed in a mini-scintillation via! containing 4 Fisofluor "1" scintillation fluid 
(Fisons Scientific Apparatus, Leics). The vials were then counted in a liquid 
scintillation counter (Nuclear, Chicago Mark II). The incorporation of 
radioactivity into wells with no added extract was taken as the control. 

c) Animals 

( i) Developmental Study on Rats. Groups of20 rats were killed at 15, 17,20 and 
22 days post conception (dpc) and groups of 10-15 rats were killed at 8, 10, 12, 20, 
30 and 200 dpp. Brains in each group were homogenized and extracts tested for 
FGF activity as outlined above. Five estimates of DPM/well were made for the 
brain extracts obtained from animals at each age and standard deviations 
calculated. 

(ii) FGF Activity in Normal and Leucodystrophic Mice. Brain extracts were 
made from groups of 10 normal mice, shiverer, quaking and mld mutants, and 
FGF activity was estimated in each case using the technique outlined above. Five 
estimates of DPM/well were made for each class of animal and standard 
deviations estimated. 

5. Jmmunocytology for Astrocytes 

a) Animals 

( i) Mature rats aged 40 dpp received stereotactic lesions as described in Fig. 1. 
Groups of 5 animals were killed 2, 4, 8, 12, 20 and 30 dpl. 

(ii) Immature rats aged 2, 5, 8, 10, 15 and 20dpp were lesioned similarly and 
allowed to survive for 4, 8, 20 and 40dpl (Fig. 1). 

b) Immunohistochemistry 

The brains of ali animals were fixed by perfusion with 4% paraformaldehyde in 
phosphate buffer, immersed in fixati ve overnight, dehydrated in graded alcohols 
and embedded in Steedman's 47 polyester wax (B.D.H.). Sections were then cut at 
5 fLill, mounted and stained by the indirect immuno-fluorescence method or by the 
PAP method of Sternberger 48 using primary an ti-sera against glia! fibrillar acid 
protein (GFAP). 
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Fig. 2. a Lesion in the cerebral cortex of a 30-day-old rat after injury at 2 dpp. The 
arrows show that the lesion is marked by a paie staining area extending from the 

ventricle to the pial surface. bA lesion in the cerebral cortex 30 dpl ma de 12 dpp. 
Note the deposition of collagen and basement membrane material in the lesion 

(darkly staining material) and the accumulation of fibroblasts and macrophages 
(representative periodic acid methenamine-silver stained coronal sections, 

marker = 50 IL) 
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Results 

1. Histochemistry 

Stainable carbohydrate material did not appear in lesions made 
until 8 dpp. Before 8 dpp carbohydrate material was never seen in 
wounds at 10 dpl; thereafter, increasing amounts appeared until 
12 dpp when the lesions were indistinguishable from those of adult 
animals (Fig. 2). Associated with these changes, increasing 
numbers of fibroblasts, collagen, basement membrane, and 
macrophages appeared in brain wounds with age. 

The amount of stainable material in ali leucodystrophic mutant 
mice, at 50 dpl, was indistinguishable from that in normal wounds. 

2. Electron-Microscopy 

a) Mature Response in Rats (Figs. 3 a-c and 4a and b) 

In the adult animal the lesion is initially filled with erythrocytes 
and by 2 dpl, monocytes and granulocytes appear. Macrophages 
are most numerous at 4 dpl, and then become progressively less 
frequent to reach a low level by 16dpl which is maintained until 
60 dpl. The reduction in macrophages from 8 dpl coincides with a 
rise in the number of cells termed microglia-like which appear either 
within the scar itself or in the adjacent neuropil. Fibroblasts invade 
the lesion at 4 dpl and produce a collagenous matrix. They 
penetra te the lesion depths by 8 dpl. There is then a dramatic loss of 

Fig. 3. a Appcarance of a lesion in an adult rat brain at 8 dpl, showing the core of 
mesodermal cells containing fibroblasts, macrophages and collagen fibrils 
( x 1 ,400). b Appcarance of a lesion in an adult rat brain at 16 dpl. The edge of the 
neuropil is seen on each side with macrophages, fibroblasts, collagenous material 
and blood vessels filling the wound ( x 1, 700). c Appearance of a lesion in an adult 
rat brain at 30 dpl. Neuropil is seen on each si de with astrocyte processes lining the 
wound which is filled with vascularized mesodermal tissue ( x 1,700). d 
Appearance of a Jesion in a rat brain at 8 dpl after injury at 4 dpp. The line of the 
lesion is marked by an interrupted cavity but there is no organized astrocyte 
reaction and an absence of recognizable macrophages, fibroblasts and collagen 
( x 1 ,300). e Appearance of a lesion in arat brain at 8 dpl after injury at 4 dpp. The 
cytoplasm of one definitive macrophage is seen and a number of astrocytes are 
present within the lesion, along with ce lis with darkly staining cytoplasm but there 
is an absence of an organized scar ( x 1 ,200).f Appearance of a lesion in arat brain 
at 8 dpl after injury at 8 dpp. Astrocytes ha ve become aligned along the lesion edge 
and a mesenchymal core is beginning to organize containing recognizable 

macrophages, fibroblasts and collagen fibrils ( x 1 ,700) 
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Figs. 3 a- f 
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fibroblasts with few remaining by 16 dpl. In specimens older than 
8 dpl, an astrocyte lamina is formed by a series of overlapping 
astrocyte processes attached to each other by gap junctions; a 
basement membrane lies on the scar side of the astrocyte lamina 
throughout the lesion to form a continuous glia limitans. 

b) Neonatal Response in Rats (Figs. 3 d-f and 4c and d) 

Normal mature scarring is not observed in lesions ofthe cerebral 
cortex in rats before 8-10 dpp. At 2 dpp the cortical grey matter 
contains a population of neuroblasts and undifferentiated glial 
cells; myelin sheaths are not present in the developing corpus 
callosum. Cells are not concentrated at the lesion margin, where the 
neuropil exhibits exaggerated extracellular spaces. There is a 
complete absence of fibroblasts or macrophages throughout the 
lesion. 

When a lesion is made at 4 dpp, the cortical edges become 
apposed by 8 dpl but, near the corpus callosum and the corpus 
striatum, the wound remains open. In the superficial cortex the 
wound is lined by meningeal cells, macrophages and collagen 
fibrils. Deeper in the cortex, and in the corpus callosum and corpus 
striatum, only an occasional fibroblast is seen at the margin of the 
neuropil. Small groups of macrophages are also present at the edges 
of the neuropil bordering the lumen of the lesion. Collagen fibrils 
are absent within the lumen and no basement membrane occurs at 
its edge. 

At 8 dpp, there is a deep downgrowth of meninges into the 
wound where the cortical edges are apposed while, in the corpus 
callosum and the corpus striatum, there is a large patent lumen. In 
the area of cortex where the lesion margins are apposed, a small 

Fig. 4. a Appearance of the wound in the brain of an adult ratat 8 dpl. The margin 
of the cicatrix is lined by astrocytes covered by an incomplete basement 
membrane. The core ofthe lesion contains a macrophage, a fibroblast cytoplasmic 
process and debris ( x 9 ,500). b Appearance of the wound in the brain of an adult 
rat at 30 dpl showing the margin of the scar with a continuous glia limitans 
comprising astrocytic end-feet, basement membrane, collagen fibrils and 
fibroblasts ( x 10,000). cA ppearance of the margin of a scar in the brain of arat at 
8 dpl after injury at 4 dpp. There is no organized astrocytic lamina and no 
basement membrane or collagen. The darkly staining cells are probably micro glia 
( x 6,000). d Appearance of the margin of a scar in the brain of aratat 8 dpl after 
injury at 8 dpp. A well-defined mesenchymal core is present containing 
macrophages, fibroblasts and collagen fibrils juxtaposed to a continuous 

basement membrane overlying astrocytic end-feet ( x 8,000) 
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number of macrophages/microglia-like cells are present, together 
with astrocyte processes. A basement membrane is often, but not 
always, present in this area, but a band of macrophages and 
astrocytes accumula te along the lesion margin. The astrocytes form 
an incomplete layer between the macrophage-like cells and the 
neuropil. 

After lesioning at 12 dpp, the cortical edges of the lesion are 
closely apposed by 8 dpl, and the line of the lesion appears more 
discrete than earlier, due to the presence of a greater number of 
macrophages and astrocytes. A thin astrocyte lamina separates the 
mesenchymal cells from the neuropil and, between these two 
structures, a basement membrane is deposited, together with a 
small number of collagen fibrils. The lumen of the lesion extends 
from the deep cortex into the nucleus caudate-putamen and is lined 
by a band of macrophages and astrocytes. The macrophages and 
fibroblasts are more numerous than at 8 dpp, but there is still no 
organized fibrotic scar within the lumen of the lesion. 

c) Adult Normal and Leucodystrophic Mice 

When the structure of the scar is compared in normal adult mice 
and shiverer, quaking and mld murine mutants of the same age 
( 40 dpp) at 20 dpl, no differences are detected in the organization of 
the scar in any of the animals. 

3. Immunocytochemistry 

a) Mature Response (Figs. 5 a-d) 

At 8 dpl, collagen fibrils are present in the extracellular spaces of 
the scar. Immunocytochemical techniques demonstrate that the 
fibrils are composed oftypes I and III collagens. The collagen fibrils 

Fig. 5. a-dare, respectivcly, immunofluoresccnce micrographs of type I, III, IV 
and V collagens at 16 dpl in lesions in the cerebral cortex of adult rats. Note that 
discrete fibrils arc stained with types 1 and III antibodics whilst staining with anti­
bodies to types IV and Vis limitcd to basement membrane along the margins ofthe 
wound and to blood vesscls ( x 400). e-h are, respectively, immunofluorescence 
micrographs of lesions in rat brains at 8 dpl, after injury at 2 dpp, stained with 
antibodies to collagen types I, III, IV and V. Antibodies of all types stain the 
pia/arachnoid membrane and blood vessels in the hemisphere. The lcsion edge is, 
however, unstained ( x 1 00). i-1 are, respectively, immunofluorescence micro­
graphs of lesions in rat brains at 8 dpl, after injury at 12 dpp, stained with anti­
bodies to collagen types I, III, IV and V. The staining is similar to that seen in 

Fig. 5 a-d but less intense ( x 300) 
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are markedly less numerous in the scar nearer the corpus callosum 
than the grey matter. A basement membrane, along the astrocyte 
lamina which binds antibodies to types IV and V collagens also 
appears at 8 dpl; the basement membrane of the blood vessels 
within both the cicatrix and the neuropil binds the same antibodies. 
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Fig. 6. DNA synthesis in 3 T 3 cells in response to rat brain extracts ( 1 O fLg mi- 1 

protein) taken at various ages. The incorporation of 3 H-thymidine into controls 
with no added extract was 12,479 ± 1425 DPM/well. Five estimates ofDPWwell 

were made for each point and standard deviations calculated 

b) Immature Response (Figs. 5 e-l) 

After lesioning animals at 4 dpp, there was a complete absence of 
immunofluorescence at 8 dpl using antibodies to types I, III, IV and 
V collagens, although types IV and V collagens are associated with 
the blood vessels of the neuropil and types 1 and III with fibrous 
collagen in the meninges. 

At 8 dpp, the lesions contain types 1 and III collagen in the cortex 
at 8 dpl, while types IV and V collagen also occur but at the lesion 
margin. There was no basement membrane collagen at the margin 
or within the lumen of the deep part of the lesion. All types of 
collagen are present in lesions made at 12 dpp with a distribution 
indistinguishable from that in the adult at 8 dpl. 

4. FGF Activity 

a) FGF Activity at Different Ages 

The results of this study are shown in Fig. 6. It is clear that 
significant values of FGF already exist in the brain at 15dpc and 



Deposition of Scar Tissue in the Central Nervous System 45 

thatlevels reach approximate adult values at 10 dpp, ata time when 
myelination is about to commence. Thus, FGF titres in the brain 
are not correlated either with the onset of myelination or with the 
development of scar tissue in brain lesions. 
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Fig. 7. DNA synthesis in 3 T 3 cells maintained in the presence of extracts from 
normal and mutant mouse brains. Fi ve estimates ofDPM/well were made for each 
treatment and standard deviations calculated. A 2-way analysis of variance 
revealed no significant differences in FGF activity in brain extracts between 
mutant and normal mice. Control values were provided by cultures containing 

0.2% fes but no extract 

b) FGF Activity in Normal and Leucodystrophic Mice 

The titres of FGF activity extracted from adult normal mice and 
from mld, shiverer and quaking mice of similar age are not 
significantly different (Fig. 7). 

5. The Response of Astrocytes to Injury 

a) Adult Response 

By 2 dpl astrocytes around the wound ha ve become GF AP­
positive. Their numbers increase with time and reactive astrocytes 
are seen in areas of cortex increasingly distant from the environs of 
the lesion. By 8 dpl, the entire cortex contains a uniform density of 
GF AP-positive astrocytes. The number of reactive astrocytes 
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Fig. 8. Diagrammatic representation ofthe spatial and temporal changes in GFAP 
astrocyte reactivity (stippled area) after lesioning one hemisphere of adult rats. 
The cortical response is maxima! al 8 dpl; the deep response is maxima! at 20 dpl; 

note the confinement of rcactivity to one hemisphere 

regresses un tii by 20 dpl only a thin band of GFAP-positive 
astrocytes surrounds the site of the lesion. A similar spreading 
reaction is seen in the deep structures of the cerebrum, but the time 
course is more protracted (Fig. 8). 

Astrocytic foot expansions appear a long the wound edge at 
8 dpl. These forma continuous lining to the wound edge by 12 dpl 
and, at 20 dpl, form multiple layers in the deeper areas (Fig. 9 a). 

b) Neonatal Response 

No reactive astrocytes are seen at any time in the wounds of 
animals lesioned at 2 dpp. After lesioning at 5 dpp, a small number 



Deposition of Scar Tissue in the Central Nervous System 47 

Fig. 9. a Reactive astrocytes in a wound in an adult brain 20dpl. Note the GFAP 
reactive astrocytic processes forming a continuous lining to the lesion (marker = 

10 f.lm). b Reactive astrocytes in a wound in a brain 20 dpl after injury at 4 dpp. The 
line of the lesion passes diagonally from bottom left. Note the paucity of the 
astrocyte GFAP reactivity. Foot-processes form an incomplete glia limitans 

(marker = 50 fJ.ffi) 

of scattered reactive astrocytes appear at the lesion edge at 4 dpl, 
but these disappear with time. However, after lesioning at 8 and 
1 O dpp more reactive astrocytes appear at 4 dpl and their end-feet 
forma line along the length ofthe lesion, which persists at least until 
40 dpl (Fig. 9 b) although no generalized cerebral reaction occurs. 
By 15- 20 dpp the astrocytic response in lesions is indistinguishable 
from that of adult animals, but a generalized cerebral reaction is not 
apparent. 

Discussion 

1. Time Course of Scarring in the Adult 

a) Mesodermal Elements 

Up until 4 dpl the acute reaction in brain wounds in adult 
animals is mediated by haematogenous cells. Thereafter, macro-



48 M. Berry cut!.: 

phages, fibroblasts and astrocytes play a significant part in 
reconstituting the glia limitans. Fibroblasts, possibly derived from 
surrounding connective tissue 27 • 38 , and a few collagen fibrils first 
appear in the wound between 4-8 dpl. At first the cells and 
collagenous matrix in the cicatrix are very loosely packed but, over 
the period 10-15 dpl, the cicatrix becomes greatly condensed which 
suggests that scar contraction might occur. 

Aside from their role as scavengers, macrophages almost 
certainly influence scarring by secreting trophic factors which affect 
both fibroblast and endothelial cell activities 9 • 22 · 34 • 35 • 54 . The 
reciproca! relationship between the disappearance of macrophages 
and the appearance of microglia-like cells over the 4-18 dpl period 
supports the suggestion of Imamato and Le blond 24 and Adrian and 
Williams 1 that macrophages transform into microglia-like cells. 

b) Glia! Ce lis 

( i) Generalized Response 

Although a diffuse reaction by astrocytes to injury has been 
described 6 · 23 , neither the time course of their response nor the 
curious restriction of reactive astrocytes to the ipsilateral 
hemisphere have previously been reported. The factors that 
mediate this diffuse response and the possible function of the 
reaction are both mysteries. 

(ii) Formation of the Glia Limitans 

Although reactive astrocytes organize themselves at the wound 
edge in the early stages of cicatrization, a definitive glia limitans is 
not found until fibroblasts and collagen fill the wound 40 •49 . Thus, 
basement membrane collagens do not appear in the wound until 
8 dpl, but then completely line the lesion by 12 dpl. This possible 
dependence of epithelial cells on the presence of fibroblasts for the 
production of basement membrane is seen in other tissues 3 • 8 and 
could implicate fibroblasts as organizers of astrocytes for the 
production of a glia limitans 43 . 

2. Time Course of Scarring in the Neonate 

a) Mesodermal Elements 

No fibroblasts appear in brain wounds of animals before 8 dpp. 
Thus, a scar is not formed after injury at this time. This response is 
not correlated with an absence ofFGF, but could be related to the 
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absence of myelination, or competent macrophages, or both, since 
degenerating myelin could delay macrophages in the lesion long 
enough for them to produce a factor that stimulates collagen 
synthesis in fibroblasts 9 • 22 ·34.49.54. 

b) Glia! Elements 

Astrocytes do not become organized to form a glia limitans 
before 8 dpp. The development of the latter is correlated with the 
appearance of fibroblasts and collagen in the wound and could 
indicate that the development of a mature scar depends on the 
attraction of fibroblasts into the wound area. The latter, in turn, 
might organize astrocytes to form end-feet at the mesodermal 
interface and secrete types IV and V collagen to forma basement 
membrane. Sumi and Hager 49 suggested that the paucity of 
reaction in the neonate might be caused by astrocytic hypoplasia 
possibly related to the very rapid removal of necrotic debris by 
macrophages. 

The coincidence of the appearance of scarring with the onset of 
myelination in the brain could be related to an effect of 
degenerating myelin or oligodendrocytes on macrophages. Macro­
phages could stimulate fibroblasts to produce collagen9 •22 •34•3 5·49 •54 . 

The presence of myelin/oligodendrocyte degradation products in 
the wound might delay macrophages in the lesion long enough for 
their trophic factors to reach sufficient levels to initiate collagen 
synthesis. However, at 8 dpp, in rats, a premyelination oligo­
dendrocytosis is underway4 •16' 39 and little myelin has formed 25 •3 9.4 1 . 

Moreover, in leucodystrophic mutants shiverer, mld and quaking, 
little or no myelin is present 15 • z1. 3 2 , but scarring is normal. 

The absence of scarring in early brain lesions could be related to 
an immaturity of function of both glia and mesodermal elements. 
Maturation might be achieved over the 8-12dpp period when 
normal scarring is acquired. However, astrocyte-like cells (radial 
glia) appear competent to produce a glia limitans externa ata much 
earlier age 1 t. 42 • 50 . Moreover, subpial end-feet also appear 
structurally mature at these early times 28 • 37 and astrocyte (radial 
glial) processes are GF AP positive 5 6 • 

3. FGF 

The possibility that FGF is MBP derived 20 • 5 5 is not supported 
by our findings ofhigh titres long before myelination commences in 
the developing brain, and of normal levels in leucodystrophic 

Trauma 
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mutants which possess little MBP 15 • 21 • 32 • Moreover, since near 
normal FGF titres are present in neonatal brains, which exhibit no 
collagenous scarring, it is clear that this mitogen may not be as 
significant in brain healing as was once envisaged 18 . 

FGF may be ineffective in the absence of aco-factor which only 
appears in brain wounds from 8 dpp onwards. Alternatively, FGF 
could be be derived from an acid protein 30 • 51 , but our work sheds 
no light on its likely source within the brain. 
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Formation of Mossy Fibre Connections Between 
Hippocampal Transplants and the Brain of 

Adult Host Rats 

By 

G. Raisman 

Summary 

Hippocampal primordia can survive transplantation into adult rat hippocampi. 
The transplants differentiatc and form mossy fibre connections with host 
pyramidal cells, while mossy fibre projections from the host can inncrvate 
transplants. 

Keywords: Transplantation; hippocampus; mossy fibres; innervation. 

There has been agreat deal of interest over the last few years in 
the capacity of transplants to survive and form connections with 
adult host brains 8 • 1 0 • 11 . With current techniques, only embryonic 
or early postnatal donor tissue from the central nervous system can 
survive 4 • 1 6 . Little is known about the mechanism of vasculariza­
tion of the transplants. Even with strains of rat not specially inbred 
for histocompatibility, however, there is little evidence of im­
munological rejection of central nervous tissue transplanted into 
the brain 12 . 

We have transplanted hippocampal primordia into the 
hippocampal region of adult rat hosts 12 • 1 3 . Donor animals aged 
from the eighteenth da y of em bryonic life (E 18) to the first day of 
postnatallife (P 1) were used. At the time oftransplantation some 
of the hippocampal neurons~the pyramidal cells~had already 
been formed, while others-the dentate granule neurons and most 
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of the astrocytes--are stil! not formed from their precursor 
cells t. 14, ls. 

The survival period was around one month. Most of the 
experiments were carried out between rats from a locally inbred 
histocompatible strain (PVG), although equally good results were 
obtained from Wistar rats. The transplants derived from the earlier 
age donors were large and had a well organized hippocampal 
structure. Tritia ted thymidine administered to the host after 
transplantation showed that the dentate granule cells and the 
astrocytes were largely formed (by mitosis of stern cells in the 
transplant) after transplantation, whereas the pyramidal cells were 
unlabelled. Thus, cell division is neither essential for, nor inimical 
to the survival of transplanted cells. With donor tissues from the 
later ages, and particularly with P 1 donors, the resulting transplants 
were much smaller and more fragmented. Unexpectedly, the most 
effective connections were formed by these later transplants, and 
the subsequent material refers to the P 1 series. It seems that the 
fragmentary survival of parts of the transplanted tissue is in some 
way conduci ve to the formation of fibre connections to and from 
the host. 

We decided to investigate the regulation of the hippocampal 
dentate granule cell projections using transplantation. The axons of 
the dentate granule cells (called mossy fibres) can be readily stained 
in light microscopic sections by the Timm stain, which is based on 
theirhighcontent ofzinc 6 • 7 • 17 . In the normal rat hippocampus, the 
dentate granule cells project mossy fibres to the giant pyramidal 
neurons of field CA 3, but not to the small pyramids of field 
CA 12 · 3 . Within CA 3, the mossy fibres terminate on those parts of 
the dendrites closest to the cell bodies, and especially on the apical 
dendritic side ofthese cells. We have used transplants to investigate 
what factors may determine this pattern of connections. For this 
purpose, hippocampal primordia were transplanted in and around 
the junction of fields CA 1 and CA 3 of adult rat host hippocampi. 

The material shows both that the transplant can send mossy 
fibres into the host, and also that the host can project mossy fibres 
into the transplant. These findings refer to light microscopic 
material, but a preliminary series of observations with the electron 
microscope confirms that the transplant to host projection, at least, 
forms fully differentiated mossy fibre terminals which make 
synaptic contacts on complex dendritic spines ofthe host pyramidal 
neurons. 

One of the principal findings of this study was that transplant 
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dentate granule neurons can send mossy fibres into the host field 
CA 1. This, therefore, is a type of projection not normally present in 
the hippocampus. Nonetheless, the transplant projection to the 
host CA 1 is to a highly restricted area-it is juxtacellular, but to the 
basal aspect ofthe dendrites, and it extends for no more than 1 mm 
from the contact zone. This suggests that this projection is based on 
some form of specific recognition between the transplant axon and 
the target region. 

From a large series of experiments it is clear that for the 
projection to form it is necessary for the configuration at the 
interface to fulfil highly stringent conditions. It is essential for the 
transplant to be in direct contact with the host field CA 1, and for 
there to be no substantial interposition of neuroglial cell bodies. 
Even under these circumstances connections will not form unless 
the axonal side of the transplant dentate granule cells is facing the 
host. Where the dendritic side of the transplant dentate granule 
cells (the stratum moleculare) is facing the host, the transplant 
mossy fibres, even though they invade the inner parts of the 
dendritic layer of the transplant dentate gyrus, will not cross into 
the host brain. A final condition is that in the region of the interface 
there must be no giant (CA 3-type) pyramida1 cells in the 
transplant. If such transplant pyramids are present they attract the 
transplant mossy fibres to them, and appear to satisfy their growth 
potential and thus prevent them reaching the host. 

It is not clear why the transplant mossy fibres form this 
abnormal projection to the host field CA 1. Possibly a specific type 
of deafferentation is necessary, and has been caused by some aspect 
of the surgical intervention involved in transplantation. Certainly 
the same layer of the host fie1d CA 1 that receives the transplant 
mossy fibre projection is normally in receipt of mossy fibre 
projections in other species, such as cats 9 and hedgehogs 5 . It seems 
likely that in the rat the CA 1 pyramids may have a latent ability to 
receive mossy fibres, and this is "revealed" by transplanting a 
source of mossy fibres into their vicinity. 

Mossy fibre projections from the host can also innervate 
transplants. For them tobe demonstrable by the Timm stain it is 
necessary that the transplant does not have any dentate granule 
cells of its own in the vicinity ( or else the transplant's own mossy 
fibres will obscure those from the host). The circumstances in which 
the host will project mossy fibres to the transplant require that the 
transplant be placed directly in the host mossy fibre pathway. Very 
fine mossy fibres can be seen entering the transplant, and directing 
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themselves towards transplant CA 3 pyramids. Around the 
pyramids they form very large granules.........-comparable to the 
normal mossy fibre terminals in field CA 3 of the host. In the case 
where the transplant also contains clumps of smaller, CA 1-type 
pyramids, the mossy fibres do not form any obvious terminals 
around them. In fact, some cases show that the mossy fibres may 
deflect themselves in their course, so as to circumveni CA 1 
pyramidal clusters on their way to CA 3 clusters. 

In conclusion, we have confirmed that hippocampal primordia 
can survive transplantation into adult rat hippocampi. The 
transplants differentiate and form mossy fibre connections (see 
also 1 7 ). The transplant can give mossy fibres to the host brain, and 
recei ve mossy fibres from it. The terminal patterns formed by these 
mossy fibres appear to be specific to the target regions involved, 
and bear some relation to normal mossy fibre patterns. The 
functional status of these connections remains for investigation. 
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Summary 

In 88 patients with acute severe head injury the Glasgow coma scale (GCS), 
computerized tomography and autonomie monitoring during the first 24 hours 
were used to charactcrize diffcrcnt types of post-traumatic brain dysfunction. A 
subgroup is defined-GCS 8.1-with signs of diffusc brain swclling and 
autonomie instability which includcd two cases with dorsal midbrain lesions. 
These preliminary results suggest that autonomie instability is a valid criterion for 
identifying patients suffering from diffuse axonal injury. 

Kent·ords: Coma; head injury; autonomie dysfunction; diffusc axonal injury. 

Introduction 

Post-traumatic brain dysfunction depends on the type of 
primary brain damage 6 . Variations in post-traumatic coma can be 
described by monitoring the overall function ofthe CNS using the 
Glasgow coma scale 7 . For detailed clinico-pathologic correlations, 
however, additional criteria are required, e.g. the results of CT 
scan, monitoring of ICP and EEG 3 • 4 . The present study was 
focussed on the question to what extent patients suffering from the 
syndrome of diffuse axonal injury (DAI) can be identified. These 
patients are known to be characterized by persisting deep coma, 
bilateral extensor rigidity and autonomie dysfunction 1 . 
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Material aud Methods 

A group of 100 consecutive patients in our neurologic intensive care unit with 
acute severe head injury (ASHI) was analyzed using the following criteria: On 
admission: 1. assessment of the Glasgow coma scalc and the pupils; 2. aCT scan 
within thc first 12 hours which was assessed for swclling (absent, unilateral, or 
diffuse) and the types of lcsion prcscnt (none, foca! lesions or lesions with mass 
effects); 3. monitoring of the autonomie state for the first 24 hours plotting cvcry 
minute the mean value of the heart rate, respiration, blood prcssure, and body 
temperature. Variations in the autonomie state over a one-day period wcrc 
expressed by the variance coefficient after Pearson 8 . Treatment was graded from 1 
to 5: Sedation; sedation + intubation; intubation + hypcrventilation; intubation 
+ hyperventilation + barbituratcs; intubation + hyperventilation + bar­
bituratcs + osmotics. 

Follow up included: 1. Glasgow outcome scale, 1 for dead to 5 for minimal 
disability 5 , and 2. CT examination 2-3 weeks aftcr injury classifying the brain: 
CSF ratio (normal, ventricular dilatation, or diffuse atrophy) and the outcomc of 
the primary lesions (absent, small dcfccts, a largc defects) 4 . 

Complete data was available for 88 patients (29 females, 59 males; age 34.5 
years [SD 20.7]). Homogeneity of grouping was tested by the correlation of coma: 
outcome. 

Results 

The coma-outcome correlation of the total group was not 
significant (Table 1 A), even when anisocoria was included as a 
foca! sign of a midbrain lesion 2 . The next step, on the hasis of the 
early CT scan was to exclude the eight patients with mass lesions. 
Brain swelling as a possible sign of DAI when followed by 
ventricular dilatation or diffuse atrophy was found in 53 patients 
(group II). This group differed from the reference group I (n = 27), 
and included the only 2 patients with foca! lesions that were 
assumed tobe located in the dorsal midbrain (Table 1 B). The next 
step was to measure autonomie function and calculate the variance 
coefficients after Pearson 8 in the cases in Group II. In 41 cases 
complete monitoring of autonomie parameters during the first 24 
hours following the injury was available. From these, variation in 
the heart rate was selected as the most representative parameter. Its 
mean value was 11.4 (SD 3.6), showing no significant correlation 
with the coma scale in patients in group II. Comparing group II a 
(hr-vc below 11.4; Table 1 C) and group II b (hr-vc above 11.4) 
the coma-outcome correlation coefficient was significantly differ­
ent (Table 1 C). Subgroup II b was characterized by GCS 8.1, 
diffuse brain swelling in the early CT scan and autonomie 
instability as shown by a high variance coefficient ofthe heart rate. 
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Table 1 A. Coma-Outcome Correlation of" the Total Group (n 88) 

Coma scale 3-5 6-8 9-11 12-14 15 (%) 

Outcome dead 2 6 3 5 19.3 
vegetative 4 2 6.8 
severely disabled 1 4 3 1 11.3 
moderately disabled 9 5 2 18.1 
non/minimal disability 3 12 Il 9 4 44.3 

1 o o) 11.5 37.5 17 25 9 

Table 1 B. Excluding 8 Patients Suffering from Lesions with Mass Ejfects. Two 
Groups Were Differentiated A ccording to the Early CT: Group l ( n = 27) with no or 
Latera!ized Swelling and Group II ( n = 53) with Diffuse Brain Swelling; Coma-

Outcome Correlation Group I: Group II. r = 0.42. p < 5% 

II 
Mean SD Mcan SD 

Treatment 2.3 1.3 3.7 1.1 
Age 34.8 22.5 25.8 13.9 
Coma 9.7 3.6 8.1 3.0 
Outcome 3.6 1.5 4.0 1.4 

Table 1 C. Subgrouping of Group II According to the Heart Rate-Variance 
Coefficient ( hr-vc): Subgroup Il a with hr-vc Below 11.4 anei Subgroup Il b with hr· 
re Ahove 11.4; Coma·Outcome Corrl'lation Suhgroup /la: Suhgroup 1/b. r = 0.5. 

p < 5'% 

Il a llb 
Mean SD Mean SD 

Trcatment 3.5 1.4 3.6 1.4 
Age 33.5 17.1 31.0 16.3 
Coma 9.2 4.0 8.1 3.6 
Outcome 3.9 1.7 4.0 1.3 
Hcart rate var. coef. 8.1 1.7 13.2 3.6 
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Discussion 

In this study an attempt has been made to use comprehensive 
monitoring of the autonomie functions as an additional criterion 
for subgrouping patients with ASHI associated with diffuse brain 
swelling. Autonomie instability is selective in distinguishing a 
subgroup II b that is homogeneous according to the coma-outcome 
correlation. Within subgroup Il b two cases were found presenting 
with a foca! midbrain lesion. We therefore cond ude that autonomie 
dysfunction can be used as a valid sign of DAI 6 . DAI seems to be 
only one part within the spectrum of brain damage that leads to 
severe contusions ofthe dorsal brain stern 1 • From a clinica! point of 
view DAI has to be regarded as a special type of primary brain 
damage leading to different brain lesions that are less severe and not 
correlated with an outcome scaled 1 or 2 1 . 

A prospective study is required to establish if further techniques 
of evaluation and monitoring of the autonomie functions may be 
helpful in identifying different groups of patients suffering from 
ASHI with different types of primary brain damage. 
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The Neuropathology of the Vegetative State and 
Severe Disability After Non-Missile Head Injury 

By 

D. 1. Graham, D. McLellan, J. H. Adams, D. Doyle, A. Kerr, 
and L. S. Murray 

Summary 

A full neuropatho1ogical examination was undertakcn in 35 cascs of hcad 
injury who survived at least one month and who werc eithcr vegetative or severely 
disabled. Diffuse axonal injurywas found in 21 cases, extensivc hypoxic damagc in 
the neocortex in 16 and secondary damagc to the brain stern in 1 O. 

Keywords: Head injury; disability; vegetativc state. 

Introduction 

The aim of this study was to determine the nature of brain 
damage in a group of patients who were either vegetative 6 or 
severely disabled 5 as a result of a non-missile head injury and who 
had survived at least one month. 

Material and Methods 

During the 15-year period 1965-1980, post-mortem examinations were 
undertaken on 35 cases who had been assessed by the Department of 
Neurosurgery as being vegetative (28 cases) or severely disabled (7 cases) as a result 
of a non-missile head injury. There were 29 males and 6 females, the age range was 
from 14 months to 71 years (average 35 years), and survival ranged from 1 month 
to 14 years (29 cases died within 12 months ofinjury). 16 cases had sustained a road 
traffic accident, 13 a fali, 5 an assault, and in onc the cause of injury was not 

Trauma 
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known. 26 cases did not ha ve a lucid interval", 6 had had a partial lucid interval" 
and in 3 cases adequate information was not available. 

A full neuropathological examination was undertakcn in each casc 2 . 

Results 

There was evidence of diffuse axonal injury 1 in 21 cases. Diffuse 
axonal injury known also as diffuse degeneration of the cerebral 
white matter 9 , shearing injury 7 • 10 , diffuse damage to white matter 
of immediate impact type 3 and diffuse white matter shearing 
injury 11 , is characterized pathologically by foca! lesions in the 
corpus callosum and in the dorsolateral quadrant or quadrants of 
the rostral brain stern and microscopic evidence of diffuse damage 
to axons. 

Extensive hypoxic necrosis ofthe neocortex ofthe type described 
by Graham ct al. 4 was present in 16 cases; in 9 cases it had an 
arterial distribution; in 3 cases it was most severe along the arterial 
boundary zones of the cerebral hemispheres; in 3 cases it was severe 
and diffuse of the type associated with an episode of cardiac arrest 
or status epilepticus; and in one case there was a mixed pattern 
combining arterial territory and boundary zone hypoxic damage. 

In 18 cases there was evidence of previous tentorial herniation 2 

and in 1 O of these there was secondary damage in the brain stern. 
There was overlap in the pathology. Thus of the 21 cases with 

diffuse axonal injury there were 3 in which there was additional 
hypoxic brain damage and 2 in which there was secondary damage 
to the brain stern; of the 16 cases with hypoxic brain damage there 
were 8 with secondary damage to the brain stern and 3 with diffuse 
axonal injury; and of the 1 O cases with secondary damage to the 
brain stern there were 8 with additional hypoxic brain damage and 2 
with diffuse axonal injury. There were therefore no cases where 
severe disability or the vegetative state could be attributed solely to 
damage to the brain stem secondary to a high intracranial pressure. 

One case did not fali into any of the 3 main categories of brain 
damage: this patient had sustained extensive contusional injury 
comp1icated by intracranial sepsis and marked hydrocephalus. 

Additional features in the 35 cases inel uded a fracture ofthe skull 
in 17, cerebral contusions in ali cases, and intracranial haematoma 
in 22. 

Discussion 

In this study diffuse axonal injury was the most frequent 
structural abnormality in patients who survived for at least one 
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rnonth vegetative or severely disabled after a non-missile head 
injury. This was consistent with the observation that none of the 
patients with diffuse axonal injury experienced a lucid interval 
suggesting that overwhelming damage to the brain was sustained at 
the time of injury. Hypoxic brain darnage with or without 
secondary brain stern damage occurred in the absence of diffuse 
axonal injury indicating that these processes may also cause the 
vegetative state or severe disability after head injury. There is no 
evidence in this study to suggest that secondary darnage to the brain 
stern in the absence of any other brain darnage is a cause of severe 
disability or the vegetative state after head injury. 
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Ponto-Medullary Avulsion Associated with Cervical 
Hyperextension 

By 

J. E. Leestma, M. B. Kalelkar, and S. Teas 

With 2 Figures 

Summary 

19 cases of partial or complete ponto-medullary avulsion are reported. This 
type of damage seems tobe produced by severe hyperextension ofthe head on the 
neck with or without an additional rotational component. 

Keywords: Head injury; ponto-mcdullary avulsion. 

Traumatic avulsion or laceration of the ponto-medullary (PM) 
junction is regularly observed in forensic autopsy cases but is 
thought by many pathologists to be artifactual, having been 
produced by forceful removal of the brain 5 . Nevertheless this type 
of lesion has been reported as a direct consequence of head and 
neck trauma many times 2 ' 3 ' 5 - 8 and is the subject of another 
presentation in this symposium by Pilz (see p. 75). We present an 
analysis of 19 cases in which partial or complete separation of the 
pons from the medulla occurred in association with a traumatic 
death usually from some form of vehicular or railway accident. 

These 19 cases were all "medical examiner's" cases and ranged in 
age from 9 to 62 years. 18 were males and one was a female. 16 cases 
were involved in vehicular or railway accidents." The three 
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remaining cases died as a result ofbeing struck by a hydraulic lift, a 
homocidal beating and a suspected homocidal beating respectively. 
Eight cases had blood ethanol levels between 72 and 426 mg%. 
Other brain/head injuries included cervicaVmedullary separation 
( 4 cases), avulsion of the septum pellucidum with intraventricular 
hemorrhage (9 cases ), a high cervical fracture-dislocation ( 13 

.. 
Fig. 1. A large nearly complete ponto-medullary avulsion is illustrated. Note the 
lack of significant hemorrhage in the region of the rent, a typical feature of this 

le sion 

cases), a "ring" or other basal skull fracture (7 cases), and diffuse 
subarachnoid hemorrhage (9 cases). Ali but two cases appeared to 
have died very soon after their injury but one survived for 35 
minutes and another lived for 90 minutes after injury. The victims 
had apparently been struck in about equal numbers from the rear, 
the front, and the side which probably produced at least some 
antero-posterior and most likely a violent rotatory movement of 
the head on the neck. 

A typicallesion is illustrated in Fig. 1 where there is an almost 
complete separation of the medulla from the pons. A midline 
section of another PM avulsion which was incomplete is illustrated 
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in Fig. 2. This photograph shows focal hemorrhage in the rent. 
Microscopic examination of the midline of the PM junction 
invariably demonstrates evidence of perivascular bleeding and 
occasional oedema in the torn areas, confirming that these lesions 
are ante-mortem and not artifactual. 

Fig. 2. A different case of PM avulsion reveals the foca! hemorrhage which can 
usually be demonstrated if a median or paramedian section of the brain stern is 
made. Note also the subarachnoid and intraventricular haemorrhage which was 
caused by a co-existent avulsion in the fornix/septum pellucidum, not shown 

The mechanism most likely responsible for this lesion is severe 
hyperextension of the head on the neck alone or coupled with a 
rotational component 5 • 6 • 8 and this may also result in fracture­
dislocation of the upper cervical spine resulting in damage to the 
cervico-medullary junction as well. This concept is supported by 
the careful experimental work of Gennarelli and co-workers 1 who 
observed PM avulsion associated with sudden death in monkeys 
when their heads were rapidly accelerated in a special apparatus 
along the sagittal plane. We have studied an unusual case, not 
included in this study, which also supports the notion that cervical 
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hyperextension may be mechanically important. This case involved 
a violent psychotic patient who was restrained from behind by an 
overzealous attendant by means of an "arm lock" (around the 
neck) which resulted in sudden paralysis and coma in the patient. 
Autopsy examination revealed a partial PM avulsion with little 
bleeding and no evidence of asphyxia. Clearly in this case 
hyperextension and possibly some rotational component were 
involved. 

What may seem to be an unusuallack of massive hemorrhage in 
association with PM avulsion may be due to the fact that the PM 
junction lies between two vascular territories, the basilar artery and 
its branches (pons) and the vertebra! artery and its branches 
(medulla)where a "watershed" region mayexist 4 . Furthermore, no 
major avulsion or rupture of neighbouring vessels can be demon­
strated on careful examination, though occasionally this can be the 
case 3 . 

PM avulsion usually results in rapid death by mechanisms 
probably related not just to tearing of the PM junction but to 
disruptive torsional forces acting on higher brain-stem structures 
which may lead to unconsciousness and sudden death in their own 
right, not to mention other traumatic events in the thorax, and 
abdomen which are usually severe. Coexistent high cervicallesions 
may impair respiration as well. However, it seems clear that some 
individuals who have their major injuries limited to the neck and 
lower brain stern may survive for extended periods 2 • 7 with PM 
lesions but these cases are not common. 
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Survival After Ponto-Medullary Junction Trauma 
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Summary 

Four cases with partial avulsions of the ponto-medullary junction resulting 

from a head injury with survival from 8 to 26 days are reported. Such lesions are 

not necessarily immediately fatal and they must be looked for specifically post­

mortem. 

Keywords: Head injury; primary brain-stem damage. 

Introduction 

Trauma tic lesions of the ponto-medullary junction (PMJ) were 
first noticed by forensic pathologists 3 • 4 • 6 and they are now widely 
accepted as primary traumatic lesions in the central nervous 
system 2 • Nearly all patients so far reported died immediatly after 
the accident. The present communication describes 4 cases who 
survived this injury up to 26 days (two of the cases have been 
reported previously 5 ). 

Case Reports 

Ali patients were female aged l O, 12, 43, and 67 years. After road traffic 

accidents they survived 8, 10, 17, and 26 days respectively. Post-traumatic coma 

lasted between 30 minutes and 10 hours, only one patient remaining comatose 

un tii death. All patients displayed paralysis of the abducens nerve ono ne si de, and 

in two cases there was in addition unilateral paresis of the tonguc and soft palate. 

Pyramidal tract lesions either severe or transient were present in all. In three cases 
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there was subluxation of the craniocervical junction. Bruises to the forehead, chin 
or occiput were present in ali patients but in no case there was a fracture of the 
skull. Death was due to extracranial causes in ali. 

Neuropathology 

Neuropathological examina/ion showed a deep tear of the ventral PMJ in o ne 
case which approached the floor ofthe 4th ventricle (Fig. 1). In another case there 

Fig. 1. Deep tear at the ponto-medullary junction surrounded by a broad necrotic 
zone (Kliiver Barrera) 

was only a small renta few mm deep while in the remaining two cases there was a 
wedge ofnecrosis at the PMJ (Fig. 2) . These smalllesions could only be identified 
in sagittal sctions. In addition small foca! infarcts and haemorrhages were 
observed in the distribution of the perforating arteries in the pons and medulla. 
Ruptured small arteries and veins were found in the meninges over the pyramids 
and accounted for subarachnoid haemorrhage in this region . A striking feature 
was the presence of numerous axonal retraction balls not only adjacent to the tear 
but disseminated throughout longitudinal fibres of the entire brain stern as far as 
the cerebral peduncles. Wallerian degeneration occured in the clinically affected 
cranial nerve roots, In no case were cortical contusions found. Severe anoxic brain 
damage occured in o ne case who was resuscitated after the accident and remained 
comatose until death. 
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Discussion 

Traumatic tears at the PMJ must be separated from artefactual 
tears which frequently occur in this region post mortem 3 • 6 . Cranial 
nerve lesions result from stretching ofthe nerve roots, the 6th nerve 

Fig. 2. Necrotic zone and small foca! haemorrhages at the ponto-medullary 
junction (Kliiver Barrera) 

frequently being severed at the necrotic zone at the PMJ. Pyramidal 
tract lesions are due not only to the tear or necrosis but a lso to wide­
spread axonal injury. 

The neuropathological changes result from downward displace­
ment of the brain stern at the time of injury and occur as a result of 
axial traction of the cervical spine on the head 4 • 6 or acute 
hyperextension ofthe head 2 ' 3 • The latter is the most frequent cause 
of tears at the PMJ. Severe axonal injury in the brain stern is also 
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due to axial traction, which might be the cause of post-trauma tic 
unconsciousness 1 . 

The cases reported clearly demonstrate that tears at the PMJ are 
not always immediately fatal. The clinica! syndrome consists of 
unilateral abducens nerve palsy, a pyramidal tract lesion, and 
injuries of the cranio-cervical junction along with a severe 
concussion syndrome. 

Neuropathological changes (a tear or necrosis at the PMJ, 
axonal injury, small focal infarcts, and haemorrhages in the pons 
and medulla) must be sought in sagittal sections. 
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Traumatic Tears of the Tela chorioidea: 
A Hitherto U nrecognized Cause 

of Post-Trauma tic Hydrocephalus * 

By 

N. Grcevic 

With 2 Figures 

Summary 

A new and hitherto unrecognized phenomenon of rupture of the tela 
chorioidea in closed head injury of acceleration-deceleration type is described. It 
occurs very frequently, especially in association with blows in the centro-axial 
plane even if the acceleration forces are relatively mild. These tears are regularly 
followed by intraventricular bleeding which follows the flow of the CSF into the 
subarachnoid space producing a leptomeningeal reaction with impairment of 
absorption of CSF and consequent communicating hydrocephalus. 

Keywords: Tears of choroid tela; traumatic rupture of the choroid tela; 
traumatic ventricular bleeding; post-traumatic hydrocephalus; normal pressure 
hydrocephalus. 

Introduction 

It is known that due to certain specific physical mechanisms in 
closed head injury of acceleration-deceleration type the "centro­
axial" cerebral regions are especially vulnerable and suffer severe 
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N. 1. H., D. H. E. W. of the U.S. Government, Bethesda, Maryland, U.S.A. 



80 N. Grcevic: 

damage 1. 8 • 9 • 12 • 15 • 1 7 • 19 • 20 . This is particularly true if trauma­
tizing forces act along the longest diameter of the skull. 
Certain periaxial structures are especially frequently involved and 
the lesions there produce a peculiar pattern of "inner cerebral 
trauma" 8 • 9 . In the course of a systematic study on this pattern of 
lesions 8 , we observed a strikingly high incidence of tears in the tela 
chorioidea of the 3rd and lateral ventricles with consequent 
haemorrhage into the plexus and into the ventricular system. Since 
lesions of this type ha ve not been previously described in cranio­
cerebral trauma, we undertook further investigations resulting in 
observations which we are presenting here as a preliminary 
communication. 

Methods and Material 

The material for this study consisted of 66 brains from individuals who 
survived a closed head injury from a few minutes to 846 days. 78% of the cases 
were due to traffic accidents; the rest werc falls (15.2%) and blows by a blunt object 
(6%). In the group of traffic accidents there was a predominance of traumatic 
forces in an axial direction with 73% frontal and 17.6% occipital blows, making a 
total of 90.6% with centroaxia\ blows. One case sustained a blow on the vertex 
while only 4 cases resulting from traffic accidcnts (7.6%) suffered lateral blows. 

Ali brains, removed at autopsy, were fixed in 10% formalin, embedded in 
paraffin and examined by the method of subserial hemispheric sections stained by 
the standard histological techniqucs used in ncuropathology. 

Results 

As reported in detail elsewhere 8 , our study showed a very high 
incidence of lesions with the pattern of "inner cerebral trauma". 
Within this pattern, lesions of the choroid tel a in the 3rd and lateral 
ventricles were an extremely frequent finding. The principal feature 
of these lesions were tears and ruptures of the tela at the sites of its 
insertion into the thalamus (Figs. 1 and 2) and ruptures of the veins 
located at these sites (Figs. 1 and 2): These ruptures were followed 
by bleeding into the reticular tissue of the tela and the choroid 
plexuses (Figs. 2 a and b ), and into the ventricular system. The 
am o unt of haemorrhage varied from case to case and could not be 
exactly' defined because of the various times of survival, which 
allowed the intraventricular blood tobe already washed out ,in the 
subacute cases. However, traces ofblood were almost always found 
by careful histological examination. In acute cases, tears in the tela 
and haemorrhages could be easily seen by naked eye inspection. In 
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Fig. 1. a The tela of the 3rd ventricle has been torn from the stria medullaris 
thalami at the site ofthe vena cerebri interna, which also show traumatic damage 
bilaterally (arrows). The choroid plexus is detached, infiltrated with blood and 
floats freely. There is blood in the ventricles. 10 hours survival. b Histological 
section ofthe same case. Bleeding within the stria medullaris (arrow) due to tearing 

forces 

Trauma 
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subacute and chronic cases such tears presented histologically as 
resorptive and scarring processes at the site of rupture and as 
atrophic changes in the choroid plexus which was often severed 
from its connections with the tela (Figs. 2 a and b). Correlation of 
intraventricular haemorrhage with rupture of the tela was more 
difficult in the acute cases with other periventricular lesions. 
However, quite a few cases showed no evidence of other lesions so 
that the tears ofthe tela were undoubtedly responsible for the blood 
in the ventricular system. 

Tears in the choroid tela of the 3rd ventricle were found in every 
case that had sustained occipital or vertex blows, as well as in 97.6% 
of the cases with frontal blows. The incidence of tears in the tel a of 
the lateral ventricles was somewhat lower and amounted to 83.3% 
of the cases with occipital, 74% with frontal, and every case with 
vertex blows, but it was found in only 5.8% ofthe cases with lateral 
blows. Ventricular haemorrhage-or evidence of previous 
haemorrhage-was found in 84.1% of the cases. 

In all acute and subacute cases with a rupture of the tela and 
ventricular bleeding there was always some blood in the subarach­
noid space. This followed a standard and characteristic pattern 
with spread of blood from the cisterna magna symmetrically along 
the Sylvian fissures to accumulate over the parieto-temporal 
convexities. In many of the subacute cases with blood on the 
convexities there was no longer any blood in the ventricular system 
on naked eye inspection, but only a slight pink discolouration ofthe 
ependymal surfaces. After a further few days the blood on the 
convexities diminishes in amount and moves towards the sagittal 
region. It disappears in cases oflonger survival. However, in 88.6% 
of the cases surviving more than 5 days there was histological 
evidence of a proliferative arachnoid reaction to the haemorrhage, 
and in 93.3% of cases surviving between 15 and 89 days there was a 
definitive adhesive process in the pia-arachnoid system. All of the 
cases surviving longer than 90 days (12 cases) had a severe adhesive 
process with obstruction to the flow of CSF. In severa! cases the 
parasagittal areas were particularly affected, the Pacchionian 
granulations being embedded in the proliferative process. 

Hydrocephalus was present in every case surviving longer than 
15 days (27 cases) as well as in 9 cases surviving between 5 and 14 
days (53% of the total of 17 cases from this group). In spite of 
varying degrees of a diffuse sclerotic process of the white matter in 
severa! of the cases surviving more than 90 days, an ex vacuo 
mechanism could not be considered responsible for severe hydro-
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Fig. 2. a The tela chorioidea ventriculi lateralis is completely separated from its 
tenia on the left (thicker arrow) and there is rupture of the vein on the right side 
with haem o rrhage underneath the tenia thalami and into the plexus. The 
attachment of the tel a chorioidea ventriculi tertii to the stria medullaris ls torn; the 
plexus is extremely retracted and reduced to a small granule at the lower surf ace of 
the fornix. The whole process is subacute and the sites of rup ture are in the stage of 
resorption and scarring. Survival 23 days. b Histological sectio n of the tela and 
plexus of the lateral ventricle of the same case. Note atrophy of the plexus and 
obvious necrosis at the thalamic site of the previous attachment from which the 

tela was torn (arrow) 

6' 
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cephalus because in ali of such cases arachnoid adhesions were so 
pronounced and communicating hydrocephalus so obvious that 
pathogenetic correlations were quite clearly in favour of an 
obstructive mechanism. 

Discussion 

Our observations clearly indicate that there is a very high 
incidence of tears in the choroid tela in closed head injury of 
acceleration-deceleration type, especially if the traumatizing forces 
act along the longest diameter ofthe skull. This phenomenon is part 
of the pattern of "inner cerebral trauma" and may be biomechani­
cally explained in the same manner 8 ' 9 · 15 ' 20 . The ventricular 
haemorrhage that follows is followed by subarachnoid spread of 
the blood. Subarachnoid haemorrhage of any origin may trigger a 
leptomeningeal proliferative and adhesive process 4 • 5 · 11 · 13 · 1 7 · 2 2 . 

which, by blocking absorption of CSF, may cause an obstructive 
communicating hydrocephalus 2 ' 3 ' 7 • 14 " 21 · 2 2 . Our experience 
suggests that even minimal blows in a centro-axial direction may 
produce tears in the tela chorioidea since they are the most delicate 
of all ofthe midline structures ofthe brain. The sequence of events 
after such ruptures, regardless of their severity always follows the 
same course viz. intraventricular bleeding followed by subarach­
noid spread of blood and an adhesive arachnoidal reaction. Thus. 
one could presume that in the pathogenesis of "normal pressure 
hydrocephalus" 2 · 3 • 6 • 10 • 16 • 18 , such "occult" ruptures of the 
choroid tela may play an important role. 
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Birth Injury to the Cervical Spine and Spinal Cord 

By 

Helen Reid 

With 1 Figure 

Summary 

Mechanical trauma to the cervical spine stiU occurs at birth. In 2 of 48 peri natal 
post-mortcms trauma tic damage to the cervical spinal cord was found. Also in this 
series at least 12% of cases from o ne hospital showed some degree of trauma lo the 
cervical spine but this was of a lesser dcgrce in individual cascs than 20 ycars ago. 

Keywords: Birth; spine; spinal cord; trauma. 

Introduction 

It is well known that the brain may be damaged by mechanical 
forces during birth, tentorial tears and subdural haemorrhage being 
found at autopsy. Changes in obstetrical management ha ve caused 
this to decrease but not to disappear. Similarly mechanical force is 
known to damage the cervical cord and spine. Obstetricians 
however are also acutely conscious of the dangers of birth asphyxia 
and the need to expedite a birth if this occurs but, if too much force 
is applied, this can also lead to death through mechanical trauma. 

Twenty years ago Yates 2 found that damage to the cervical spine 
was fairly common in a series of still-births and neonatal deaths, 
28% having distortional trauma to the cord. In a series of 430 cases 
Towbin 1 in 1969 found 10% with spinal and brain stern injury. As 
obstetrical practices have improved and there are fewer full-term 
infants coming to autopsy compared to premature infants, I have 
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again examined a series of cervical spines and brains from still-born 
and neonatal deaths to see ifthere are any changes in the incidence 
of spinal damage. 

Methods aud Material 

There were 48 cases, 43 of which were from a maternity hospital where there 
were 83 autopsies on 1 O 1 deaths in o ne year. This hospital is a regional centre and 
premature infants are transferred to it. The still-birth and perinatal mortality for 
the hospital births during that year was 1.75%. 

The cervical spine from C 7 to the foramen magnum was removed. After 
decalcification, horizontal segments were processed and examined. Severa! areas 
of the brain were examined histologically and neuronal ischaemic cell change 
assessed. 

In this series there were 18 infants born near term and altogether 14 were 
delivered by caesarian section. It was also ascertained that some of the premature 
infants had had a precipitous birth. 

Results 

The main findings are summarized in the table. One ofthe cases 
with spinal cord damage was due to cord compression by an 
epidural haemorrhage; in the other case there was haemorrhage 
and necrosis in the dorsal horns (Fig. 1) and there was also gliosis in 
one cortico-spinal tract because of trauma tic damage to the pons. 

In four of the cases with damage to a vertebra! artery, tentorial 
tears were also present indicating that mechanical trauma was the 
cause of death. Epidural and subarachnoid haemorrhage in the 
spinal canal were the indicators used for distortional damage to the 
spme. 

In only two of the cases was there neuronal ischaemic cell change 
in the brain; one who had had a difficult forceps delivery showed 
these changes in neurons scattered throughout the cerebrum and 
brain stern; in the other case they were seen only in the neurons of 
the basal ganglia. Periventricular leukomalacia was found in four 
cases, two of whom were delivered by caesarian section for 
antepartum haemorrhage. The other two were breech deliveries. 

Discussion 

On comparing this series with that ofYates 3 (Table 1), there has 
been no decrease in the number of cases with trauma to the cervical 
spine, but there has been a decrease in the amount of damage done 
in each individual case. The survey was carried out in the same 
hospital in both series so they are comparable to some extent. 
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Fig. l . The dorsal cervical spinal cord showing necrosis and haemorrhage in the 
dorsal horns. x 30 

Number of cases 

Spinal cord damage 

Tearing and bruising 
of cervical nerve roots 

Vertebra! artery damage 

Distortional damage to 
the cervical spine 

Table 1 

This series 
48 

2 (4%) 

12 (25%) 

7 (14.5%) 

25 (52%) 

Yates 3 

250 

4 (1.6%) 

25 (10%) 

42 (16.4%) 

72 (28.8%) 

Yates 2 suggested that damage to a vertebra! artery may be 
related to vascular problems in the brain stern causing various 
cranial nerve palsies and the atactic cerebellar form of cerebral 
palsy. This study does not support this hypothesis; on the contrary, 
1 agree with Towbin's 1 view that direct mechanical trauma to the 
brain stern and cerebellum accounts for such neurological 
problems. 
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Mechanical trauma to the skull and spine undoubtedly still 
occurs and can cause death. In some of these infants other factors 
were also present such as congenital ma1formations. Also eight 
cases had a definite history of intrapartum asphyxia and only o ne 
was devoid of any cervical spine or cord damage. This under1ines 
obstetricians' difficu1ties since death through intrapartum asphyxia 
can occur ifthe baby is not de1ivered quick1y, and iftoo much force 
is used to deliver such an infant death as a resu1t of mechanica1 
trauma can occur, even when caesarian sections are carried out. It is 
also suggested that intrapartum asphyxia can predispose an infant 
to mechanical trauma. 

In this series the number of infants with cord damage, torn 
cervical nerve roots and vertebra! artery damage amounted to 12 of 
the 48 cases and these were all from one hospital and, therefore, at 
1east 12% of all deaths from this hospita1 showed spinal cord or 
cervical spine damage in one year. 

References 

1. Towbin, A., Latent spinal cord and brain stern injury in ncwborn infants. Dev. 
Med. Child Neural. Il (1969), 54-68. 

2. Yatcs, P. 0., Birth trauma to the vertebra! arteries. Arch. Dis. Child. 34 (1959), 
436--441. 

3. Yates, P. 0., Pcrinatal injury to the ncck and extracranial cerebral arterics. 
Proceedings 4th Internat. Cong. Neuropath. (Budapest) IV 1961, 20-23. 

Author's address: Dr. Helen Rcid, Lccturcr in Ncuropathology, Department of 
Pathology, Medical School, University of Manchester, Manchester Ml3 9PT, 
U.K. 



Acta Neurochirurgica, Suppl. 32, 91-94 (1983) 
t by Springer-Verlag 1983 

Neuroradiology of the Sequelae of Spinal Cord 
Trauma 

By 

M. Perovitch 

Summary 

More than 850 patients with acute injuries to the spina1 cord wcrc exp1ored by 
means of neuroradio1ogica1 procedures ( 1954-1981). The seque1ae of cord damage 
were assessed in 125 of these paticnts and the rcsults of neuroradio1ogica1 
examinations corre1ated with the surgica1 or autopsy findings. Such opportunities 
to demonstrate the changes that follow the acute phase of a spinal cord injury are 
infrequent because of a lack of centralized team care and continuity of follow-up. 
Chronic post-traumatic changes, induccd by mechanical kinetic or non­
mechanical energies, wcre demonstrated after a long period of timc, occasionally 
after two to ten years. They were c1assified into six groups. Disturbances of arterial 
circu1ation are emphasized as a major source of aggravation of the post-traumatic 
state of the spinal cord. 

Kepmrds: Spinal cord; trauma; sequelae; neuroradiology. 

In the period from 1954 to the end of 1981, we exp1ored by means 
ofneuroradio1ogical procedures more than 850 patients with acute 
injuries to the spinal cord brought about by a blunt impact in traffic 
accidents, falls and sporting accidents, or by penetrating wounds. 
Patients whose spinal cord had been irradiated, exposed to the 
effect of some chemical compounds such as contrast media or 
spinal anaesthetics, or had sustained 1ong-lasting compression are 
also included. 

Out of these 850 patients we were able to examine 125 in the 
chronic phase of the spinal cord injury and to compare the 
neuroradio1ogical findings with subsequent pathological or surgi­
cal exp1oration. Opportunities to demonstrate the changes which 
succeed spinal cord trauma are infrequent because cohesive team 
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action and comprehensive care following the acute phase of the 
spinal cord injury are not as widely practised as they should be. This 
concept is now providing the grounds for meaningful co-ordinated 
research programmes aimed at a better understanding of the 
pathophysiology of spinal cord damage with the aim of retaining 
and improving all remaining neural functions. 

Apart from radiography and tomography of the spine, the 
neuroradiological procedures used to establish the presence of 
post-traumatic alterations in the spinal cord included myelography 
with insoluble and soluble contrast media, gas myelography, spinal 
cord angiography, and, more recently, computed tomography and 
digital subtraction angiography (intravenous or intra-arterial). 
Since our experience with the application of nuclear magnetic 
resonance or positron emission tomography to the examination of 
the spinal cord is, at present, limited it is not encompassed in this 
study. 

The chronic post-traumatic changes were classified into: (i) an 
intramedullary cavity (syrinx) with or without a foreign body; (ii) 
upward cavitation from the site of injury (post-traumatic syring­
omyelia) with occasionally downward expansion; (iii) atrophy of 
the spinal cord; (iv) adhesions; (v) vascular alterations; and (vi) the 
effects of a post-traumatic encapsulated extramedullary haema­
toma or cyst, tear of the dentate ligament, etc. Some of these 
sequelae were often combined. 

About three weeks after trauma to the spinal cord, the acute 
changes subside and an intermediate period begins which is 
characterized by the disappearance of oedema and absorption of 
necrotic tissue and blood. Astrocytic gliosis leads to scar formation. 
Chronic post-trauma tic changes take place after a longer period of 
time, occasionally after as long as two to ten years. 

Longitudinal cavities within the spinal cord which replace the 
area ofhaemorrhagic necrosis in the acute stage ofthe injury could 
be demonstrated clearly in 19 cases particularly by means of gas­
myelography or by injecting oxygen directly into the syrinx. 
Computed tomography was also used very successfully. The 
intramedullary cavity may contain a foreign body for a long period 
of time. We were able to demonstrate the presence of a bullet using 
positive or negative myelography in seven patients. By tilting the 
table up and down we were able to assess the extent of the free 
movements of the metallic foreign body in the cavity, and outline 
precisely its shape and size 1 • In 14 patients metrizamide and gas­
myelography as well as computed tomography proved tobe precise 
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neuroradiological techniques for the evaluation of post-traumatic 
syringomyelia. With gas-myelography there was extensive filling of 
the cavities in the cord with oxygen, and a reduction of up to 85% of 
the remaining spinal cord tissue. 

Angiographic studies performed one or more years after the 
acute phase of a spinal cord injury demonstrated vascular 
occlusions and aneurysmal formations or arteriovenous shunts 
similar to arteriovenous malformations. Spinal angiography was 
performed in 15 patients in the chronic post-traumatic phase. 
Impairment ofthe blood flow to an injured spinal cord may lead to 
progressive atrophy ofits substance above and below the site ofthe 
original injury. This atrophy was well demonstrated by means of 
gas-myelography and computed tomography in 27 patients. 

The formation of extensive scar tissue was seen particularly 
when there had been a penetrating wound. This type of injury is 
commonly accompanied by severe epidural, subdural, sub­
arachnoid or spinal cord haemorrhage. Damage to the blood 
vessels of the spinal cord is usually severe, and hemisection or 
transection of the spinal cord may occur. In 12 patients thick scars 
encompassing long segments of the atrophic spinal cord were seen 
on gas-myelograms and computed tomograms. The spinal cord 
appears to enter a tube, and we call this appearance "the spinal cord 
in the boot". 

Post-traumatic abscess formation-a rather rare phenomenon 
today, nerve root avulsion combined with a meningeal tear, cyst 
formation, and dislocations of fractured vertebrae as well as 
encapsulated or fibrous epidural haematoma, can affect the spinal 
cord and its blood supply for long periods of time leading to its 
atrophy. Similarly, herniated fragments of ruptured intervertebral 
discs, in particular in the cervical and thoracic regions, or post­
traumatic osteophytes can produce chronic compression of the 
spinal cord clearly visible on computed tomograms or gas­
mye1ograms (18 patients). 

Following radiation therapy, for example for a lung carcinoma, 
with high doses of 4,000-6,000 rad or more, radiation myelitis may 
occur. In a previous study dealing with the problem of chronic 
radiation myelitis, we emphasized the pathological changes which 
may occur in the spinal cord, especially vascular occlusions, 
necrotic areas, and ultimately diffuse atrophy ofthe spinal cord. In 
eight patients these changes were demonstrated severa! years after 
radiation therapy 2 . 

The sequelae of injuries to the spinal cord by chemical 
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compounds have been seen after the subarachnoid injection of 
some types of contrast media or other medications. They were 
associated with extensive scar formation around the spinal cord 3 . 

The need for spinal cord injury centres has been recognized only 
recently. Through the formation of such centres it is becoming 
possible to use to full advantage accurate neuroradiological 
procedures that disclose during life the pathological processes 
which may evolve after an injury to the spinal cord. 
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A Computerized Data Retrieval System for 
Investigation of Brain Damage 

in Non-Missile Head Injury 

By 

Grace Scott, Audrey Kerr, and Lilian S. Murray 

Summary 

An analysis ofbrain damage in head injury using a computerized data retrieval 
system has contributed to the presentation of the various types of brain damage 
objectively, and has shed light on contre coup contusions and diffuse axonal 
injury. 

Keywords: Head injury; quantitative analysis of brain damage. 

Introduction 

Brain damage in cases of non-missile head injury has in the past 
tended to be assessed and presented on a descriptive hasis. This has 
led to difficulty in presenting o bjectively the findings in large series 
of cases and in comparing different subgroups of a series. In an 
attempt to achieve this a method has been devised to translate the 
information into a numerica! code suitable for storage in a 
computer bank. 

Methods and Material 

A proforma was designed which recorded in numerica! form the presence or 
absence of the many types of brain damage which can be sustained as a result of a 
head injury, e.g., cerebral contusions, intracranial haematomas, hypoxic damage 
and diffuse axonal injury. Similarly, information was coded about extracranial 
injuries and the relevant clinica! features. Where possible the lesions were 
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quantificd, c.g., by stating thc volume ofintracranial hacmatomas, or thc scvcrity 
of cerebral contusions (assessed by thc Contusion Index mcthocP). 

A detailed neuropathological cxamination was undertakcn on 177 patients 
with fatal, non-missile hcad injurics andin cach case thc pathological findings werc 
transferred to the proforma and thcn to a data bank. This initial step is time­
consuming, but oncc completcd it is thcn possible to obtain vcry rapidly and casily 
information about the frequcncy of any of the recordcd features. Particular 
subgroups ofthe series can also be selected and thc frequcncy of any lcsion in that 
group compared with the remainder of the scries. 

Applications 

This method has already proved useful in the field ofhead injury. 
It has been used to assess the validity of the contre coup hypothesis 
for cerebral contusions. The severity of contusions on each side of 
the brain was detcrmined in a group of patients with localizing head 
injuries, and reia ted to the site of the blow. The results obtained 
from the data bank clearly showed that contusions were not more 
severe contralateral to the site of injury 3 . When subjected to 
quantitative testing by the system described, it would therefore 
appear that the importance of the contre coup phenomenon has in 
the past been over-emphasized. The data bank has also helped to 
define more precisely the entity of diffuse axonal injury (DAI) 2-a 
form of brain damage characterized by widespread damage to 
axons in the white matter of the cerebral hemispheres and brain 
stern. Our early experience had suggested that patients with DAI 
form a distinct clinico-pathological group. The data retrieval 
system was used to test this formally by comparing the clinica! and 
pathological features of patients with DAI with the remainder of the 
series without DAI. The results showed very striking differences 
between the two groups 2 , thus confirming that DAI is a distinct 
entity. This type of analysis is made possible by the ease of data 
retrieval and manipulation which is inherent in the computerized 
storage system. 

Discussion 

The system described therefore offers several advantages. In 
particular, it allows easy handling of information from large 
numbers of cases, thereby affording greater ease of data extraction 
and the presentation of results from a large series. It also allows 
more objective comparisons between groups by encouraging 
greater uniformity of description within a series. However, the 
limitations of the system must also be recognized. Access to 
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computer facilities is a prereq uisite and competent statistica! advice 
is necessary to assist in data processing. Appropriate proforma 
design is also crucial because information can only be extracted 
from the bank if it has first been fed in. The proforma design must 
therefore anticipate the type of question which is likely to be asked 
of the system. Nor can the factor of human error be entirely 
eliminated since transcribing the information to the proforma 
involves interpretation of observed features and is thus a potential 
source of error. Nevertheless, provided the limitations are re­
cognised, this system has a significant contribution to make to the 
storage and analysis of neuropathological data. It has already 
proved useful in the field of head injury 1 , and it is hoped that this 
report will stimulate other workers to explore its use elsewhere. 
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Experimental Penetrating Head Injury: 
Some Aspects of Light Microscopical 

and Ultrastructural Abnormalities 

By 

1. V. Allen*, J. Kirk*, R. L. Maynard**, G. K. Cooper**, 
R. Scott***, and A. Crockard**** 

With 2 Figures 

Summary 

A high velocity model of penetrating head injury has been developed in the 
rhesus monkey and a lower vclocity model in the baboon. It is apparent that 
pathological changes are widespread and develop early although the pathogenesis 
of the diffuse vascular changes is unknown. The present study involved the 
sampling of grey and white matter from 20 monkeys with high velocity injury, and 
1 O baboons with low velocity injury together with similar material from a number 
of normal control animals. 30 minutes after a high velocity injury swelling of 
perivascular astrocytes was present, sometimes associated with an increase in 
extracellular fluid. Animals with lower velocity injuries survived for some hours. 
Astrocytic swelling and perivascular oedcma associated with cellular necrosis was 
frequently found in this group. The pathogenesis of these lesions is discussed. 

Keywords: Head injury; astrocytes; oedema; clectron microscopy. 

Introduction 

Penetrating head injury is a major cause of death and disability 
in soldiers. Although methods ofhead protection from low velocity 
bullets have been devised, no practica! form of head protection 
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from medium and high velocity bullets and fragments is yet 
available. Unfortunately injuries caused by these medium to high 
velocity projectiles are more severe and have a worse prognosis 
than those caused by low velocity ones. The pathology and 
pathophysiology of such injuries are poorly understood and have 
received scant attention in the scientific literature; they cannot 
simply be deduced by extrapolation from findings in non­
penetrating or low velocity penetrating head injury. An under­
standing of these pathobiological processes may be of great value, 
both in the design of protective headgear and in the development of 
effective post-injury patient management and therapy. The few 
previous studies of head injuries from firearms in humans 6 and in 
experimental animals 5 are, in this respect, limited in value. As a 
further step in the investigation of such processes we have 
developed experimental models ofboth high velocity 3 and medium 
velocity 1 penetrating head injury in higher primates. The velocities 
sizes and masses of the projectiles were chosen so as to simulate 
closely the effects of modern infantry weapons on humans. The 
present brief report highlights the astrocytic response, an aspect of 
the pathological findings which may be of particular significance 
for pathophysiology and patient care. More detailed reports of the 
methodology and findings are being pu blished elsewhere 1 • 2 • 3 • 9 • 

Methods and Material 

Details of the precise experimental and monitoring procedures are given 
elsewhere 1 ' 3 · 9 . Bricfly, in each series of experiments, the deeply anaesthetized 
animal was subjected to a transfrontal penetrating wound from a stainless steel 
bal!. In the high ve1ocity experiment using rhesus monkeys, a ball of 3.2 mm 
diameter impacted with the intact skull ata ve1ocity of approximately 1,000 m/s. 
Medium vclocity injury, to baboons, was caused by a 4.8 mm ball impacting 
directly onto the cxposed dura at speeds ranging from 181 to 364m/s. Fixation of 
thc brains destined for pathological studies was by vascular perfusion with 
bufTcred formaldehyde or, more commonly, by buffered mixed formaldehyde and 
glutaraldchyde. Most animals were sacrificcd within the first bour following the 
injury. A few baboons survived up to 4 hours before being sacrificed. White and 
grey matter was sampled from 20 monkeys with high ve1ocity injury and from 1 O 

Fig. l. Early perivascular swclling following high velocity missilc head injury. 
Rhesus monkey, toluidinc blue. x 45 

Fig. 2. Early swelling of pericapillary astrocytic end fcet following medium 
velocity hcad injury. Thc cndothelial cell and adjacent oligodendrocyte appear 

normal. Baboon, electron micrograph x 8,000 



Figs. 1 and 2 
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baboons with medium velocity injury together with similar material from a small 
number of normal control animals of both species. 

Specimen blocks were embedded in paraffin, low viscosity nitrocellulose, JB4 
resin or Taab epoxy re sin. Sections, stained by a variety of standard methods were 
examined by light and electron microscopy. 

Results 

All experimental animals showed macroscopical and histologi­
cal abnormalities. In and immediately surrounding the wound 
track there was haemorrhage, disruption of tissue and extra­
vasation of fluid. In the high velocity experiments bone fragments 
were also present in and around the missile track. More widely 
disseminated lesions were a constant feature at both missile 
velocities. In particular, extensive subarachnoid, intraventricular 
and subependymal haemorrhage were prominent. Perivascular ring 
haemorrhages, oedema, and blood vessels with surrounding zones 
of decreased or increased staining intensity were also common, 
both close to and away from the missile track. Such changes were 
seen particularly in deep white matter, hypothalamus, midbrain, 
pons and cerebellum. In the high velocity series, neuronal injury 
was not readily apparent. In the medium velocity series where long­
term (4 h) survivors were examined, neuronal necrosis was evident 
within the wound track. Astrocytic swelling and disruption was a 
striking feature both inside and remote from the wound area. This 
swelling (Fig. 1), more evident in grey than in white matter, seemed 
selectively to involve astrocytes (Fig. 2). Adjacent neurons, 
oligodendrocytes, pericytes and endothelial cells appeared normal. 
Such swelling was not seen in uninjured control animals. 

Discussion 

The immediate consequences of medium and high velocity 
experimental head injury are, as might be expected, tissue 
disruption and haemorrhage. Neuronal injury, even in the wound 
track may not be readily demonstrable histologically until some 
time has elapsed. Similarly, apart from those which are physically 
disrupted, blood vessel walls may appear normal in the immediate 
post-wound period. Oligodendrocytes too, appear histologically 
normal. The finding of an astrocytic abnormality, namely swelling, 
very soon after injury is a new finding in brain injury. Although 
more prominent around blood vessels it also occurred perineu­
ronally and elsewhere. As far as we are aware it has not been seen in 
human head injury, although Griffiths et al. 7 have reported it in 
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experimental impact injury of the spinal cord. Jenkins et al. 8 have 
described it in complete cerebral ischaemia. 

If, as we believe, such swelling is non-artefactual, then a number 
of questions arise. What is the physical or physiological mechanism 
responsible for its occurrence? What effect does it ha ve on neuronal 
physiology, function and survival? Is it reversible in such injury­
induced situations and would this aid or impede recovery? Bourke 
et al. 4 ha ve reported a physiologically mediated and pharmacologi­
cally reversible astrocytic swelling in cat cerebral cortex. Does the 
same mechanism apply in head injury? We are not yet in a position 
to answer all of these questions but they are amenable to 
experimental investigation. In particular the possible breakdown of 
some blood-brain barrier functions, either as a cause or a 
consequence of astrocytic swelling may be worth studying 10 . To 
this end we are extending our work to included barrier assessment 
in animals with experimental penetrating head injury. 
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Midline Rupture of the Mesencephalon 

By 

Marie Bojsen-Moller 

With 2 Figures 

Summary 

A midline rupture ofthe mesencephalon was found in 3 young males surviving 
closed head injury for 3~5 days. Other brain damage was relatively mild, but there 
was brain oedema with signs ofherniation. In only one case were there symptoms 
of a hypothalamic lesion. The author suggests that a rupture is initiated by the 
compression of thc brain stern against the clivus, whereby the pedunculi are 
displaced away from each other, and that the rup ture naturally continues along the 
midline vessels to end in the aqueduct. 

Keywords: Mesencephalon; rupture; trauma. 

The finding of 3 cases of midline rupture of the mesencephalon 
makes it likely that this lesion may be mistaken for secondary brain­
stem damage or believed to be artificial in cases of instant death. 

Material aud Methods 

Three males aged 15, 21, and 26 years respectively sustained severe frontal head 
impacts. The youngest was awake for 2 hours but the other two were rendered 
unconscious at once. One had a minor skull fracture, the two others had none. In 
only o ne patient were signs of a hypothalamic injury present. Ali three were treated 
with barbiturates and two of them underwent decompression surgery. Survival 
ranged from 3~5 days. 

The autopsies revealed thoracic lesions in two and no organ damage in one. 
The brains werc fixed for 3 weeks, and routine staining procedures wcre 

performed on paraffin sections. 
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Results 

Almost identicallesions in the form of midline ruptures running 
from the interpeduncular fossa to the aqueduct were found in all 
three patients (Fig. 1). Oedema and minor secondary pontine 
haemorrhages were also seen. Histological examination of the 
midline lesions revealed distinct reactive changes which were older 

•• • 

.. 
• 

• 

.2. 

Fig. 1. Midline rupture of the mesencephalon. Male 26 years 

Fig. 2. Vital reaction along a rupture. Male 21 years. x 100 

than those seen around the secondary haemorrhages (Fig. 2). In an 
attempt to illustrate the mechanism of this type of damage an 
experiment was carried out on a corpse: the skull cap and the 
cerebral hemispheres were removed to expose the mesencephalon; a 
knife was then pressed against the dorsal surf ace of the brain stern 
resulting in deformation of the pedunculi which were easily 
flattened out against the clivus. 

Discussion 

The present three cases seem to conform to the characteristic 
description given by Crompton ofpatients with primary brain-stem 
lesions, being young males with closed head injuries and a short 
survivaF. They a re however different with regard to the localiza­
tion of the lesions, and Crompton's cases seem to have hit the back 
oftheir heads whereas this pa per deals with frontal impacts. He also 
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mentions midline lesions as secondary brain-stem damage, but the 
present lesions are definitely primary. 

To distinguish between primary or secondary brain-stem 
damage may be difficult 1 , and it is easier to postulate that it is 
primary when no signs of in crea sed intracranial pressure are found. 
The mere appearance of the ruptures and the obvious histological 
difference in the age of the lesions in the mesencephalon and in the 
pons in the present cases lead to the conclusion that both primary 
and secondary brain-stem lesions are present. 

The author's conclusion is that a severe impact between the 
mesencephalon and the clivus may deform the pedunculi starting a 
rupture at the bottom of the interpeduncular fossa which then 
continues along the midline vessels to end in the aq ueduct. 
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Brain-Stem Injury and Long Survival-a Forensic 
Analysis* 

By 

H. Bratzke 

With 2 Figures 

Summary 

Out of 1781 autopsics undertaken on fatal hcad in injuries over a period of 19 
years (1960-1979) therc wcre 387 cases with brain-stcm lesions; 15 of these had 
survived more than one month. 

Detai1ed macroscopic and microscopica1 studies showed diiTercnt typcs of 
damagc, which cou1d not be cxplained by secondary processes only. Thc cascs arc 
demonstrated and discussed from the forensic viewpoint. 

Keyll'ords: Hcad injury; brain-stem injury. 

Introduction 

In the forensic assessment of blunt head injuries it is relevant to 
estimate the time, type and force of the trauma, as well as an 
individual's capacity to function after the accident. Brain-stem 
lesions play an important role in answering these questions. 

Material and Methods 

An evaluation of Il ,591 forensic autopsies undertaken in the Institute of 
Forcnsic Medici ne bctwccn 1960 and 1979 2 revealed brain-stcm lcsions in 387 out 
of 1 781 head injuries (21. 7% ). 15 of these 387 cases (0.4%) had a survival timc of 
more than 4 weeks. 

* Supported by grants of the ""Deutsche Forschungsgcmeinschaft". 
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Results 
The main data in these cases as well as 5 other ones from 1980/81 

are summarized in Fig. 1. Twenty cases are involved: 16 male, 4 
female, and mostly young (15 were younger than 40). The survival 
time ranged between 43 days and 11J2 years, one gunshot wound 
having survived for 19 years (case 20). The distribution of the 
lesions in the brain stems are demonstrated (except for cases 2 and 
13) by drawings ofthe original preparations (paraffin and celloidin) 
in Fig. 2. 

Findings 

A general feature was marked atrophy of the brain stern 
(reduction in width averaging 11%, and in depth 6% ), and expansion 
and deformation ofthe aqueduct and 4th ventricle, sometimes with 
"aseptic ependymitis". Microscopicallesions consisted mainly of 
spongy long-tract degeneration in the pons and midbrain, par­
ticularly in the lateral and mediallemnisci, in the medullary velum 
and in the tectum of the mesencephalon. Occasionally there was 
only gliosis, and focal destruction of tissue. Siderosis was often 
conspicuous and in one case there were isolated pigmentary 
deposits (case 19). The formation of new vessels was seen only 
occasionally in necrotic areas, and was sometimes associated with 
acute haemorrhages (cases 1 and 14). 

Conclusions 
The 20 cases analyzed demonstrate the types of lesion found in 

some forms of protracted post-traumatic encephalopathy 3 . 

Whether the degeneration of the long tracts is a secondary 
phenomenon resulting from direct mechanical alteration 1. 5 or a 
form of "anoxic-vascular leucoencephalopathy", such as occurs 
with a lack of oxygen for various reasons 3 cannot be decided on the 
basis of this new material, especially since thorough knowledge of 
the clinica! course was available only in individual cases. There was 
in particular no information on whether or not intracranial 
pressure had been high during life 1 . 

Our own experience suggests that rotational trauma has a 
particular tendency to produce anteroposterior extension and 
torsion of the brain stern and this may be of decisive prognostic 
importance even when additional cerebral injury is present 2 • 4 . This 
is common in those cases in which there was no gross cranial injury 
or intracranial haemorrhage ( cases 6, 11, 12, 17 and 18). Extensive 
damage is often attributable to secondary processes. However the 
cuneate necroses of the sulcus mesencephali, as in case 18, which 

Trauma 
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cannot be viewed as "Kernohan's notch", support the concept of 
direct damage against the edge of the tentorium. Likewise, the 
sharplydelineated foci ofnecrosis such as those seen in cases 1 and 9 
are due to trauma tic ruptures ofvessels; the site ofrupture however 
was not apparent although this is considered necessary for its 
proof4 • 

The various types of lesion and reaction apparently depend on 
the duration of an anoxic phase and the extent of reperfusion. 
There is no evidence of correlation with the survival time. 

Important clues are provided by the location of the deposits of 
haemosiderin which are the residue of earlier haemorrhages. 
Sometimes they correspond to secondary haemorrhages in the 
brain stern caused by congestion, in other cases to localized 
traumatic rupture of vessels. 

Estimation of the time of trauma is complicated by the fact that 
it is not uncommon for fresh haemorrhages to occur in necrotic 
areas so that different stages exist next to each other (case 1). This 
might shed some f1ght on cases ofunexplained "sudden" death in a 
condition clinically considered "stable". 

In forensic assessment, proof of a brain-stem lesion, whether of a 
primary or secondary nature, is often decisive, despite ali of the 
difficulties involved, because that lesion may be the only irrefutable 
evidence of relevant brain injury. Obviously this is particularly 
important when the last physician to treat the patient erroneously 
certifies a "natural death" after long survival, although there was 
an injury at the beginning of the chain of events. 
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Head-In-Motion Contusions in Young Adults 

By 

J. B. Kirkpatrick 

Summary 

The pathogenesis of contusions was studied in a series of acute fatal closcd hcad 
injuries. Important factors include: 1. whether the head was in motion or 
stationary; 2. the direction and magnitude ofthe force; 3. the presence of depressed 
fractures and lacerations; and 4. roughness of the overlying bone. In the young 
adult group, the frequent high velocity motor vehicle accidents create a dominant 
pattern of injury to the frontal and temporallobes, usually sparing the occipital 
lobes and cerebellum. 

Keywords: Head injury; contusions of the brain. 

The patterns of tissue damage which occur in human brain 
trauma teach us much about the pathogenesis of injury. This 
information is lost, however, unless carefully organized ob­
servations are correlated with details of the accident. Such a series 
has been compiled from the medical examiner's office of Dallas 
County, Texas. The series comprises 55 males with acute fatal 
closed head injury, aged 16 to 30 years. The types of fatal accidents 
were: automobile driver-23, passenger-11, pedestrian-7, 
motorcyclist-5, plane crash-1, and falls-8. Significantly at this 
age, most of the accidents involved high speed motor vehicles, and 
falls were relatively less common than at other ages 3 . Alcohol was 
involved in 29 (53%) of these accidents. 

The principal injuries were: scalp contusion----44, subgaleal 
haemorrhage-32, skull fracture-43, epidural haematoma-5, 
subdural haematoma-21, subarachnoid haemorrhage-37, con­
tusion of brain parenchyma-55, parenchymal haemorrhage-16, 
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cerebral oedema~23, secondary brain-stem haemorrhage~l3, 
associated injuries of the body-23, and unre la ted brain lesions~3. 
Lacerations were present in the cerebral cortex in 16 cases, in the 
corpus callosum in 5, in the superior cerebellar peduncle in 1, in the 
medulla or pons in 3, and in the pituitary stalk in 2. In order to use 
this series to study the pathogenesis of contusions, it is necessary, 
first, to exclude those cases which were complicated by laceration of 
the cerebral cortex, in addition to the contusion. These injuries 
invariably underly a skull fracture in which bone fragments have 
forcibly torn the brain. The damage results directly from the skull 
fracture, not merely from reverberations of the brain within the 
cranial va ult 4 . 

Table l. Contusions of Brain Without Lacerations 

Coup (direct) Both Contre coup 
only only 

Frontal impact 8 6 o 
A verage severity 3.4 3.2 
( see text) 

Lateral impact 2 7 9 
A ve rage severity 3.4 3.9 

Posterior impact o 5 
Average severity 3.0 4.0 

The analysis of uncomplicated contusions is presented in 
Table 1. The direction of impact was determined by correla ting 
information from the scene of the accident with lesions in the skin, 
subcutaneous tissue, and skull. Contusion of the brain was 
recorded as being present at the site of impact (coup lesion) or 
opposite (contre coup) or both. The relative size ofcontusions was 
recorded as a semiquantitative severity index: 2 + for lesions less 
than 1 cm, 3 + if between 1 and 3 cm diameter, 4 + if greater than 
3 cm. With frontal impacts, contusions at the site of impact (i.e., 
frontal and temporal poles) were more frequent, and more severe, 
than lesions at the opposite site. With lateral impacts, lesions at the 
opposite site (temporal or frontal lobe contralaterally) were 
moderately more frequent and more severe. Indeed, contusions at 
the impact site alone occurred in only two cases, while those at the 
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opposite, contre coup site were frequent. Posterior impacts usually 
failed to injure the cerebellum or occiput, but always caused contre 
coup damage to the frontal and temporallobes. 

If contusions were caused entirely by a negative pressure 
phenomenon 5 this distribution would not be predicted. Instead, 
local constraints 2 and roughness of overlying bone 1 must play a 
significant role. The gyri ha ve been shown to move in experimental 
animals, when the skull is struck 6 . These movements over the rough 
surfaces of the orbital plates and middle fossae create most of the 
injuries at these sites. The occiput and cerebellum are relatively 
protected by the smoothness of the overlying bone. The pre­
dominance of contusions at the coup site in frontal impacts to the 
moving head is also related to this phenomenon, and to fractures 
due to the extreme forces encountered in injuries in this age group. 
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Axonal Injury in Head Injury 

By 

P. Pilz 

Summary 

A histological analysis of 324 unselected fatal head injuries disclosed axonal 
injury in the forrn ofretraction balls in 100 cases: this was severe in 64 and mild in 
36. It is suggested that axonal injury exists as a spectrum without there necessarily 
being selcctive involvement of the corpus callosum or the ro strai brain stern, and 
that cases with mild axonal injury may be unconscious for only a short time after 
their injury. 

Keywords: Head injury; traumatic coma; axonal injury. 

Introduction 

The concept of diffuse axonal injury (DAI) as a primary 
traumatic lesion in the central nervous system was originally 
proposed by Strich 4 and expanded by Adams et al. 1 . It has, 
however, not gained general acceptance particularly in the German 
literature although these findings seem to constitute the changes 
repeatedly postulated by Spatz and his school as "trackless lesions 
of the brain stern". A major advance in this field has occurred only 
recently since it has been established that similar clinica! and 
structural changes can be produced experimentally in subhuman 
primates using non-impact controlled angular acceleration of the 
head 2 . The present study was undertaken to establish the extent of 
axonal injury (Al) in head injury. 

Methods and Material 

Three hundred and twenty-four unselected cases ofhead injury were available 
for histological study. The brains were processed in the conventional fashion: the 
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rcgions investigated histologically varied from case to case but in nearly cvery case 
at leasttwo blocks from the brain stem wcrc available. The sections were assessed 
particularly for the presence of Al in the form of retraction balls (RB) nol 
associated with focallesions. When at least a few unequivocal RB's were found, 
the case was classified as mild AI. Whcn they were numerous and widesprcad, AI 
was classified as bcing severe. 

Table 1. Survival Timc 

Total < 12 hours 12-24 hours 24-48 hours 2-7 days 1-4 weeks > 4 weeks 

AI prcsent, n 100 O 
AI absent, n 194 107 

5 
24 

8 
10 

39 
24 

37 
16 

11 
13 

Table 2. The Signijicant Differences Betwccn Cases With and Without Al 

AI present AI absent 
(n= 100) (n = 194) 

Traffic accident 85 110 p< 0.01 

Falls 9 54 p < 0.01 
Lesion of anterior/superior 

cerebell&r peduncle 38 19 p < 0.01 
Central trauma (corpus 

callosum and basal ganglia) 34 31 p < 0.01 

Gliding contusions 25 25 p < 0.05 
Intracranial haematoma 20 65 p < 0.05 

Results 

Evidence of AI was found in 100 of the 324 cases: it was severe in 
64 and mild in 36. The corpus callosum was affected in 79% of the 
cases withAI, the cerebral white matter in 52%, the interna! capsule 
in 89%, the midbrain in 76%, the pons in 92%, and the medulla in 
15%. In 48 cases both the cerebrum (the corpus callosum and/or 
the cerebral white matter) and the brain stern (the interna! capsule 
and/or the midbrain, pons and medulla) were affected. In 10 cases 
AI was confined to the brain stern but AI was never restricted to the 
cerebral hemispheres alone. In 38 cases where data from the 
cerebral hemispheres was incomplete or not available, the brain 
stern was affected. AI was found in any age group but was rare 
under the age of 1 O years (2 cases). The survival time ofthe patients 
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is shown in Table 1, the differences between the cases with and 
without AI in Table 2, while in Table 3 the distribution oflesions in 
the corpus callosum and in the superior cerebellar peduncle (the 
dorsolateral quadrant of the rostral brain stern 1) is presented. 

Discussion 

In this investigation AI was a frequent finding in unselected head 
injuries, occurring in 100 of 324 cases, and in nearly half of the 
patients who survived for more than 12 hours (100 of 212). RBs 
were found on1y in cases who survived for longer than 12 hours. 
The distribution of AI cou1d not be assessed in every case since this 
was a retrospective study and only 1imited material was avai1ab1e in 
a proportion of the cases. Neverthe1ess AI in general seemed to be 
widespread. In some cases, however, it was not since in 10 on1y the 
brain stern was affected: in two ofthese 1 O cases there was a subtotal 
ponto-medullary rent 3 . 

The differences in this series to that described by Adams et al. 1 

are shown in Table 3. Thus in the 17 cases in group 1 there were 
lesions in the · corpus callosum and in the superior cerebellar 
peduncle and AI was severe in them ali. In contrast to the series of 
cases of diffuse axonal injury reported by Adams et al. 1 in which no 
case experienced a lucid interval, one of these 17 cases was 
unconscious for 1ess than five minutes after injury. The reason for 
this is not known. In the cases in group 2 there was a focallesion 
only in the corpus callosum but there was severe AI in every case. 
Groups 3 and 4 were clearly different in that there was a higher 
incidence of lucid interval and a short period of post-traumatic 
coma. There was also a higher incidence of mild Al. This would 
suggest that these patients sustained less severe brain damage and 
are similar to the less severe grades of DAI produced in subhuman 
primates by non-impact angular acceleration ofthe head 2 • Seven of 
the cases in groups 3 and 4 were unconscious for less than 5 minutes 
after their injury, and a further five for less than one hour (Table 3). 
It has, however, to be conceded that in a few cases RBs near focal 
infarcts brought about, for example, by tentorial herniation may 
have been mistaken for direct Al. 

In conclusion it would appear that the criteria of DAI in man 
defined by Adams et al. 1 are indicati ve of its most severe form. This 
syndrome, however, occurs in only a small proportion of cases with 
some evidence of AI: thus in a large proportion of cases with AI 
there was no focal accentuation of the damage in the corpus 
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callosum or in the superior cerebellar peduncle, while about one 
third ofthe cases of AI reported in this paper were not permanently 
unconscious after their injury. 

References 

1. Adams, J. H., Graham, D. I., Murray, L. S., Scott, G., Diffuse axonal injury 
due to non-missile head injury in humans: an analysis of 45 cases. Ann. Neurol. 
12 (1982), 557-563. 

2. Gennarelli, T. A., Thibault, L. E., Adams, J. H., Graham, D. 1., Thompson, C. 
J., Marcincin, R. P., Diffuse axonal injury and traumatic coma in the primate. 
Ann. Neurol. 12 (1982), 564--574. 

3. Pilz, P., Strohecker, J., Grobovschek, M., Survival after traumatic ponto­
medullary tear. J. Neural. Neurosurg. Psychiat. 45 (1982), 422--427. 

4. Strich, S. J., Diffuse degeneration of the cerebral white matter in severe 
dementia following head injury. J. Neural. Neurosurg. Psychiat. 19 (1956), 
163-185. 

Author's address: Dr. P. Pilz, Landes-Nervenklinik Salzburg, lgnaz-Harrer­
Strasse 79, A-5020 Salzburg. Austria. 



Acta Neurochirurgica, Suppl. 32, 125-127 (1983) 
© by Springer-Verlag 1983 

Auckland Hospital, Auckland, New Zealand 

Head Injury Unmasking Other Brain Diseases 

By 

W. E. Wallis and J. Wilson 

Summary 

Sixteen patients previously free of neurological complaints sustained minor 
head injuries and subsequently presented acutely with a wide range of unexpected, 
serious brain diseases. These included brain tumours, berry aneurysms, ar­
teriovenous malformations and brain abscess. The possible, responsible mechan­
isms include direct mechanical trauma to the asymptomatic brain lesion, 
hydrocephalus and brain oedema. 

This unusual complication of head injury should be suspected when a florid 
neurological syndrome follows a minor head injury. CAT scanning usually 
identifies the responsible disease. Because of its therapeutic implications, this 
complication deserves recognition in the differential diagnosis and management of 
head injuries. 

Keyword: Minor head injuries. 

Introduction 

Scattered reports describe head injuries unmasking underlying 
neurological diseases which were previously asymptomatic 1 - 5 . 

Nevertheless, this phenomenon has not received systematic 
evaluation and is only rarely mentioned in the head injury 
literature. This paper describes 16 patients with this phenomenon 
and two further patients with known brain disease who had CAT 
scanning before and after a subsequent head injury. 

Methods and Material 

The 16 patients who were asymptomatic prior to the unmasking of their brain 
disease by head injury fulfilled five criteria. 
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1. There wcrc no symptoms refera bie to undcrlying brain disease prior to head 
injury. 

2. The head injury brought to medical attcntion and was not caused by 
underlying brain disease. 

3. Neurological symptoms dcveloped immediately or within o ne wcek after the 
head injury. 

4. The neurological symptoms aftcr head injury were compatible with thc 
subsequently verified brain disease. 

5. Thc nalure of the underlying brain discase was verificd by CAT scanning, 
angiography and neurosurgcry. 

Two further patients, with known brain disease, dcteriorated aftcr minor head 
injuries. These patients had CAT scanning before and after the head injuries. 

Results 

In the group of 16 previously asymptomatic patients the head 
injuries were generally minor and produced severe and unexplained 
neurological symptoms not compatible with the head injury alone. 
They were subsequently found to ha ve a wide range of unexpected, 
serious brain diseases including seven brain tumours, four berry 
aneurysms, four arteriovenous malformations and one brain 
abscess. The two other patients who had known brain disease prior 
to their head injury had a cerebral oligodendroglioma and a giant 
posterior fossa aneurysm. Both patients had CAT scanning and did 
not have enlarged ventricles. Both deteriorated markedly after 
minor head injuries and were subsequently shown to have 
hydrocephalus on repeat CAT scanning. Both improved with 
shunting procedures. 

Discussion 

The failure to recognize minor head injuries unmasking previ­
ously silent neurological diseases may lead to inappropriate 
management of such patients. This condition should be suspected if 
patients develop persistent and dramatic neurological complaints 
and findings following minor head injuries. CAT scanning is 
generally the diagnostic procedure of choice. A single mechanism is 
unlikely to be responsible for this phenomenon, although post­
traumatic hydrocephalus was shown to be present in at least two 
patients. Nevertheless, hydrocephalus was not present in ali 
patients and other mechanisms might include direct mechanical 
trauma to the asymptomatic brain lesion and brain oedema. 
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