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Studies relating neuropsychology and structural neuroimaging after closed head injury are reviewed. 
Particular attention is given to the question of the relative contribution of focal and diffuse damage to 
neuropsychological impairment. The evidence currently available emphasizes the importance of 
diffuse damage in closed head injury. Diffuse damage is not equally distributed in the brain, and the 
review suggests three axes that are relevant for neuropsychological function: (1) damage may be 
unilateral or  bilateral, (2) damage is characteristically greater in anterior regions than posterior regions, 
and (3) damage shows a centripetal gradient. A large gap remains between the emergent 
generalizations concerning head injury and reliable neuropsychological interpretation of scans from 
individual patients. 

Introduction 

It  is a fundamental assumption that neuropsychological impairment after closed head injury 
is related to the location and severity of underlying brain damage. Yet the precise nature of 
this relationship remains unclear. Closed head injury, which commonly results from a 
vehicular accident or a fall and is a major cause of brain damage in young adults, is 
contrasted with penetrating head injury, in which there is a focal lesion caused by a missile. 
Closed head injury represents a particular challenge for attempts to relate structure and 
function because it involves a combination of focal and diffuse damage to the brain. It is only 
since the advent of computed tomography (CT) in the 1970s that systematic study of brain 
damage in survivors ofhead injury has become a realistic possibility [l]. Recently, magnetic 
resonance imaging (MRI) has supplemented CT as a method of detecting structural changes 
in the brain after head injury [2 ,3 ] .  These structural imaging techniques can be contrasted 
with methods ofimaging brain function such as positron emission tomography (PET), and 
single photon emission computed tomography (SPECT). These new functional tomo- 
graphic techniques present exciting, as yet largely untapped, opportunities for the future 
[4,5,6]. In the light of current developments it is timely to review progress on the problem 
of relating brain structure and neuropsychological function after closed head injury, and to 
consider the main issues outstanding for future research. 

Structural changes after closed head injury 

Detailed knowledge concerning brain damage after head injury derives mainly from 
neuropathological studies of the effects of fatal head injury. Neuropathological studies 
distinguish focal and diffuse forms of abnormality [7]. The most common forms of focal 
abnormality are contusions and haematomas. Contusions are lesions resulting from 
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mechanical distortion of the brain, while haematomas are clots of blood. Diffuse injury is a 
more difficult pathology to identify and includes diffuse axonal injury, hypoxic brain 
damage and brain swelling. Historically, less attention has been accorded to diffuse injury; 
however, recent neuropathological work has emphasized its importance [8]. Closed head 
injury can result in lesions in any part of the brain, but studies suggest that certain areas are 
more vulnerable to damage than others, in particular frontal, temporal and baso-medial 
areas [7]. 

The pattern of injuries in survivors of head injury may well differ in detail from the 
injuries of patients dying soon after injury. For example, brain stem lesions are characteristic 
of patients dying after diffuse injury [9]. However, it seems unlikely that all survivors with 
diffuse axonal injury have brain stem lesions, and, on the contrary, it seems probable that 
Adams el al. [9] only identify the tip of the iceberg of diffuse injury in the fatal cases. 
Furthermore, the dynamic responses of the brain to injury are largely missing from autopsy 
studies. Such studies may not be informative concerning the kinds of damage that are 
prominent 1 year after injury in survivors, yet the state of the brain at this time is likely to be 
of much greater significance for neuropsychological outcome than its state immediately 
after injury. For information concerning later abnormalities in survivors we are dependent 
on neuroimaging techniques, and this is one reason why neuroimaging is of such 
importance. Nonetheless, broad distinctions derived from neuropathology are equally 
applicable to survivors of head injury: the relative significance of focal and diffuse injuries 
remains a key unresolved issue in understanding brain damage in survivors. 

Comprehensive reviews of the structural changes occurring after head injury can be 
found elsewhere [7, lo]. The C T  and MRI appearances of the characteristic abnormalities 
are well illustrated in a recent review by Ruff and colleagues [ll]. 

Relating functional impairment to structural abnormalities after 
closed head injury 

Head-injured patients show a wide variety ofneuropsychological deficits. Functions that are 
commonly impaired are memory, language, attention, executive functions and personality 
[ 12,131. Interest in the question of how intellectual impairment relates to brain damage after 
head injury reaches back to antiquity [14]. Until the advent ofneuroimaging, studies were 
essentially opportunistic, such as those, for example, conducted by Phelps [15] at the 
Bellevue Hospital in New York. Phelps carried out post-mortem investigations of a large 
number of patients, and describes 28 cases of head injury who had recovered sufficiently for 
behavioural observation before subsequently dying and coming to autopsy. The majority of 
cases studied had closed head injuries, though some patients with pistol shot wounds were 
included. O n  the basis of his observations Phelps concluded that, with few or no exceptions, 
‘laceration of the left frontal lobe is the sole traumatic lesion which occasions a direct loss or 
derangement of intellectual functions’ (Phelps 1897, p. 135). 

There are at least two ways in which neuropsychological impairment after head injury 
may relate to lesions detected by neuroimaging, one direct and the other indirect. Damage 
to a particular area may correlate with neuropsychological performance because of 
impairment of the functions subserved by that area. This direct relationship is a working 
assumption of studies of focal injury, and it is often assumed that the neuropsychological 
deficits typically shown by head injured patients relate in detail to the areas in which 
structural damage is characteristically found, e.g. the frontal lobes, temporal lobes and 
upper brain stem. Alternatively, an abnormality may correlate with neuropsychological 
performance indirectly because the abnormality is associated with more widespread 
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damage. For example, in closed head injury, lesions in the frontal lobes may be correlated 
with diffuse damage elsewhere. To the extent that neuropsychological impairment derives 
from diffuse damage, not directly detectable by neuroimaging, indirect relationships will be 
of particular importance. 

Both direct and indirect relationships between structure and function may be evident in 
closed head injury. Although it appears attractive to try to estzblish direct relationships, 
there are a number of well known problems associated with attempts at localization of 
function. It is particularly problematic in the context of head injury research. Higher 
cognitive functions, such as those impaired in closed head injury, involve multiple areas of 
the brain [I61 and the precise areas involved in any given function remain unclear. 
Furthermore, this approach requires that all significant lesions are detected. However, CT 
does not detect all lesions in closed head injury, or even lesions in all patients. Snoek et al. [17] 
found that 38% of patients who had severe head injury uncomplicated by haematoma had 
normal CT scans. MRI detects lesions in a much greater proportion of cases [18], 
nonetheless it does not follow that all lesions are detected. 

At present, therefore, it is unwise to adopt a framework that assumes localization of 
function, although this may change in the light of future technical and theoretical advances. 
I t  is thus helpful at the outset to distinguish two open-ended questions which can be asked: 
one concerning the relationship between function and structure, and the other concerning 
the relationship between structure and function. In the context of head injury these two 
questions are: 

( 1 )  What is the functional significance of particular structural changes detected after 
head injury? (e.g. What are the functional consequences of intracranial 
haema toma?) 

(2 )  What types ofbrain abnormality are associated with the particular deficits found in 
head injured patients? (e.g. What are the physiological correlates of post-traumatic 
aphasia?) 

The subsequent sections will consider to what extent these questions have been 
answered. In fact most work to date has been concerned with the first question. 

Functional significance of characteristic lesions 

In principle the abnormalities detected by neuroimaging can be classified in four ways: by 
type, location, size and persistence after injury. In practice these classifications are not 
independent, and, in particular, the first two are often closely related, certain types of lesions 
being found a t  particular locations. Thus, for example, cortical contusions are found 
predominantly on the frontal and temporal lobes [19]. Areas investigated to the present have 
been largely dictated by the strengths and limitations of CT. Thus work on types of 
abnormality has concerned haematoma, ventricular volume changes and, to a lesser extent, 
cortical atrophy. Most studies have concerned patients with severe head injury in whom 
such abnormalities could be detected, and there has been very little work directed to 
elucidating the correlates of other brain abnormalities. Work on the significance of location 
of lesions has been directed to lateralization, and to a lesser extent depth of lesions. Finally, 
only a few studies have employed serial scanning and investigated the relationship between 
evolution of lesions and recovery of function. 

T y p e  of abnormality 
(i) lntracranial haematoma. Haematoma is one of the major types of focal abnormality in 

closed head injury. The incidence of haematoma varies from less than 1 % of patients with 
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Table 1 .  Anatomical classijication of haematoma. 

J .  T. L. Wilson 

Extracerebral 
Intracerebral 

Extradural Extradural 
Intradural Subdural 

lntracerebral 

head injury admitted to a general hospital [ZO] to perhaps about 30% of patients with severe 
head injuries admitted to specialist neurosurgical facilities [21]. CT is particularly successful 
in detecting haematoma, and, indeed, the advent of CT revolutionized the acute 
management of this complication of head injury [l]. In addition to the collection of blood 
which characterizes haematoma, a number of other structural changes are often found, 
which include contusion, necrosis, oedema, brain compression and brain shift. Evacuated 
haematoma is also associated later with atrophy [22,23]. Thus the precise nature of the lesion 
associated with haematoma is difficult to define, and includes both local and more 
widespread changes in the brain. 

Haematomas can be classified anatomically as either extradural, subdural or intra- 
cerebral [24]. However, the classification of haematomas is often idiosyncratic and 
comparison between studies consequently problematic. Neurosurgical definitions of 
haematoma are often geared to the lesion for which intervention is primarily necessary [25]. 
Although extradural haematomas are usually readily identifiable, there are often difficulties 
distinguishing subdural and intracerebral haematomas. Many authors have simply applied 
the term ‘subdural’ to both subdural and intracerebral haematomas; however, the term 
‘intradural’ is preferable. The even more general term ‘mass lesion’ has been used to refer to 
any haematoma or focal contusion. The relationships between different anatomical 
classifications of haematoma are shown in table 1. In general, follow-up neuropsychological 
studies of the significance of haematoma have failed to distinguish and contrast the effects of 
different forms of haematoma. 

A large-scale study of the relationship between type of intracranial lesion and outcome 
was carried out by Gennarelli et al. [25]. They report findings from 1107 patients with severe 
head injury. Patients were grouped according to depth of initial coma, thus allowing 
comparison of groups matched for severity of injury on this basis. From CT scans in the 
acute period they distinguished four categories of brain abnormality: extradural haema- 
toma, acute subdural haematoma, other focal lesions, and diffuse lesions. The subdural 
group appears to have included some patients with parenchymal lesions ( i t .  lesions in the 
brain tissue), and patients with intracerebral haematoma were not identified as a separate 
group. Gennarelli et al. [25] report that patients with acute subdural haematoma had poorer 
outcomes than other groups. However, the neuropsychological interest of the study is 
limited by their use ofa simple categorical outcome scale, the Glasgow Outcome Scale [26], 
which can be criticized for its insensitivity to psychological impairment [27]. 

Brooks eta!. [28] compared 52 patients with evacuated haematoma of any kind with 24 
patients without haematoma on a range of neuropsychological measures. In general, 
patients with haematoma performed better than those without haematoma. Brooks et al. 
[28] attribute this result to a selection bias in the admission of patients to a specialist 
neurosurgical facility. The patients with haematoma had significantly shorter post- 
traumatic amnesia, and thus presumably less severe diffuse injuries, than the patients without 
haematoma. This study serves to illustrate the importance of controlling for overall severity 
of injury, if the significance of a particular form of structural damage is to be assessed. 
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A number of neuropsychological studies have concerned the effects of ‘subdural’ 
haematoma; in most, if not all these studies this category appears to have included patients 
with intracerebral haematoma. Klove and Cleeland [29] compared six patients with prior 
haematoma to six patients without prior haematoma on a variety of measures, including the 
Wechsler Adult Intelligence Scale (WAIS) and tests from the Halstead-Reitan Neuropsy- 
chological Test Battery (HRNTB). Patients with a history of haematoma performed more 
poorly on all tests; however, the differences between the groups reached statistical 
significance on only three measures: Performance I Q ,  Total Trail Making Test score and 
Halstead’s Impairment Index. Cullum and Bigler [22] compared 16 patients with 
haematoma and craniotomy with a group of 16 head injured patients without haematoma 
but matched for age, sex and education. Retrospective examination of the patients’ files 
suggested that the severity of injuries in each group was equivalent. The haematoma group 
had significantly more late cortical atrophy than the non-haematoma group, and had 
significantly lower overall scores on the Wechsler Memory Scale. In a subsequent study, 
Cullum and Bigler [30] found that a history of haematoma was associated with ventricular 
enlargement and atrophy. The haematoma group was significantly more impaired on the 
Wechsler Memory Scale, but not on tests from the WAIS or  the HRNTB.  

A study of severe head injury by Alexandre et al .  [31] is of particular interest because it 
allows the cognitive outcome from differen kinds of haematoma to be compared. All 
patients had been treated surgically, and the c assifications were based on surgeons’ reports 
rather than neuroimaging. Alexandre et al. [31] administered a battery of tests that included 
the Wechsler-Bellevue Intelligence Scale and the Wechsler Memory Scale. Testing was 
carried out 2 years post-injury and patients were categorized as having either no deficits, 
mild deficits or severe deficits. The numbers of patients in each of these categories as a 
function of the type of haematoma are shown in table 2.  Alexandre et a l .  [31] do not report 
statistical comparisons of these groups. However, comparison of the groups using 1’ shows 
that the difference between the first and last group is significant (1’ = 7.59, d.f. = 2, p < 0.O5). 
As can be seen from table 2, haematoma with cerebral laceration is associated with a much 
poorer neuropsychological outcome than extradural haematoma, while outcome from 
subdural haematoma lies in between. The results thus suggest that haematoma with 
confirmed parenchymal damage is associated with greatest neuropsychological impair- 
ment. It  should be noted, however, that the groups described by Alexandre et a l .  [31] were 
not specifically matched for severity of injury. 

In summary, intradural haematomas that are sufficiently large to warrant craniotomy 
are associated later with cortical atrophy and impaired neuropsychological test perfor- 
mance. Evidence reviewed below suggests that specific effects of lateralization are often 
difficult to demonstrate, implying that although haematoma itself is localized the damage is 
often more widespread. There has been no fully satisfactory neuropsychological study of the 

Table 2. T h e  relationship between cognitive outcome and different typer ofhaematoma (based on Alexandre 
et al. [ 3 1 ] ) .  T h e  table shows the number ofpatients in each category. 

Extradural Subdural Cerebral 
haematoma haematoma lacerations 

Cognitive outcome ( n = 2 1 )  ( n = 1 5 )  (n  = 28) 

No cognitive deficit 13 9 8 
Mild deficit 7 2 8 
Scvere deficit 1 4 12 
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effects of haematoma. Shortcomings include inconsistencies and lack of differentiation in 
classifications of haematoma, failure to match groups for severity of injury and failure to 
study non-operated haematoma. Some aspects of haematoma remain uninvestigated; for 
example, brain shift of more than 10 mm is associated with impaired consciousness at time of 
scanning [21], but there appear to be no neuropsychological studies of the long-term 
consequences of brain shift. 

The study of Brooks et al. [28] brings into focus the problem of controlling for severity 
of injury. Conventionally, duration of post-traumatic amnesia and depth or duration of 
coma have been used as measures of injury severity. Such measures are behavioural and 
therefore not fully satisfactory; it would clearly be preferable if the measures were based on 
neuroimaging. However, as yet no such measures have been generally agreed. 

(ii) Ventricular enlargement. Ventricular enlargement is relatively common after head 
injury. Gudeman et al. [32] performed serial CT on 200 consecutive patients with severe 
head injury and found that 31 % developed ventriculomegaly. Other studies have found 
enlargement in over 70% of head-injured patients [33]. Ventricular enlargement may be 
caused by hydrocephalus; however, post-traumatic hydrocephalus appears to be relatively 
uncommon. Gudeman et af. [32] found evidence of hydrocephalus in only 5.5% of their 
series of patients; the rest of the patients with ventricular enlargement were considered to 
have post-traumatic atrophy. There is clear evidence that ventricular enlargement after head 
injury is associated with impaired neuropsychological test performance. 

Timming et a f .  [34] classified 30 patients with severe head injury who were undergoing 
rehabilitation into four groups on the basis of CT scanning: (1) normal, (2) small ventricles, 
(3) focal intracranial haemorrhage or mass effect, and (4) enlarged ventricles. All groups 
showed some degree of disability, but patients with enlarged ventricles had the poorest 
rehabilitation outcome and the lowest scores on the WAIS verbal and performance scales 
and on the Wechsler Memory Scale. The number of testable patients in the group with 
enlarged ventricles was small, however, and no statistical comparisons were made for the 
neuropsychological measures. A shortcoming of this study is that the scans from the patients 
with ventricular enlargement were obtained at very variable times after injury, from 1 week 
to 22 months, while scans for all other patients were obtained during acute management. 
The classification adopted is thus potentially inconsistent and misleading: for example, it is 
quite possible for a patient to have small ventricles on early scanning and enlarged ventricles 
later [35]. Nonetheless, the study by Timming et af .  [34] is one of only a handful of studies 
that have addressed the question of rehabilitation outcome. Further work of this kind will be 
required if more than lip service is to be paid to the aim of using neuroimaging to guide 
rehabilitation management. 

Systematic work on the neuropsychological significance of ventricular enlargement has 
been carried out by Levin and colleagues. Levin et al. [33] studied 32 patients who had severe 
head injuries and/or a mass lesion. Patients had CT scans performed from 30 days to over 4 
years after injury. Neuropsychological testing was carried out at least 5 months after injury, 
and not necessarily at the same time as scanning. Levin et al. [33] calculated the ventricle 
brain ratio for each patient: the CT slice which showed the ventricles at their largest was 
used, and the ratio of the area of the lateral ventricles to the area of the cranial space was 
computed. Ventricular enlargement that was greater than two standard deviations from 
control subjects was demonstrated in 72% of patients. There was a significant correlation 
between ventriclebrain ratio and duration of coma in patients without mass lesions, 
suggesting that ventricular enlargement is related to severity of diffuse brain injury. 
However, Levin et a f .  [33] noted that some individual cases constituted clear exceptions to 
this pattern. Ventricular enlargement was associated with lower WAIS Verbal and 
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Performance I Q  scores, and lower scores on tests of learning and memory; however, except 
for the measure of learning, differences only reached significance when the incongruous 
cases were excluded. 

Meyers et al. [35] proposed that the discrepancies may be resolved by distinguishing 
early and late enlargers. Meyers et al. [35] studied 39 consecutive patients, the majority of 
whom had severe head injuries. Patients has serial CT scans thus allowing the time course of 
ventricular enlargement to be studied. Patients were divided into those without enlarge- 
ment, those who showed enlargement before 30 days post-injury, those who showed 
enlargement later, and those who showed enlargement theexact timing ofwhich could not 
be established. The choice of 30 days as a cut-off appears to have been arbitrary. Ventricular 
enlargement developed in 77% of the patients, and showed a relationship with sulcal 
widening thus suggesting atrophy. Late, but not early, enlargement was related to the 
duration of  coma. WAIS Verbal and Performance I Q  correlated with the magnitude of the 
ventricle-brain ratio in patients other than early enlargers. The importance of late 
ventricular enlargement for neuropsychological outcome is also emphasized by Sichez- 
Auchez and Sichez [36] and Wilson et a l .  [37]. Meyers et al .  [35] propose that early 
enlargement is predominantly due to hydrocephalus, while late enlargement is a 
consequence of diffuse brain damage. 

The study by Meyers et al .  [35] provides an elegant demonstration of dissociation of 
early and late abnormalities; however, the correlations reported between ventriclebrain 
ratio and neuropsychological impairment are rather disappointing. Cullum and Bigler [30] 
suggest that failures to find relationships between ventricular enlargement and cognitive 
impairment may arise because true ventricular volume is not accurately measured. They 
used a technique whereby ventricular volume was estimated by summing the ventricular 
areas in a series of CT slices. Brain volume was measured by a similar means, thus allowing 
them to calculate volumetric ventriclebrain ratios. Cullum and Bigler [30] studied 48 
patients with moderate to severe head injuries. Patients had sustained their injuries at  least 3 
months previously, and for most it was sevcral years since they had been injured. Patients 
had extensive neuropsychological testing around the time of neuroimaging, and all were 
tested within 6 months of scanning. Cullum and Bigler [30] found robust correlations 
between ventriclebrain ratios and a variety of tests: WAIS Performance IQ, Wechsler 
Memory Scale subtests and ovcrall Memory Quotient, and the Aphasia Verbal score and 
Category Test from the HRNTB.  There was also a significant correlation between 
ventriclebrain ratio and the degree of cortical atrophy. 

Work on ventricular enlargement after closed head injury shows a history of increasing 
sophistication in the methods used to measure ventricular volume. However, even a 
technique such as that used by Cullum and Bigler [30] is prone to quite large errors. The 
error involved in single measurements of ventricular volume from CT is estimated to lie 
between 20% and 30% [38]. Condon et a l .  [39] have recently described a procedure for 
measuring intraventricular and extraventricular cerebrospinal fluid (CSF) volumes using 
MRI with a typical error rate ofless than 5%. This technique will facilitate future studies of 
late ventricular enlargement and cortical atrophy. 

These studies demonstrate that late ventricular enlargement is consistently associated 
with impairment on measures of mcmory and general intellectual ability. Post-traumatic 
ventricular enlargement not attributable to hydrocephalus is assumed to reflect loss of brain 
tissue due to atrophy following from diffuse axonal injury or hypoxic damage [35,40]. The 
correlation between ventricular enlargement and neuropsychological outcome after head 
injury is a good example of an indirect relationship between structure and function. The 
findings are consistent with the idea that the damage resulting from head injury is primarily 
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diffuse and suggest that late ventricular enlargement serves as an index of the seventy of 
diffuse injury. 

(iii) Cortical a t rophy .  Cortical atrophy is associated with both Ventricular enlargement 
and haematoma [30], but it has been much less studied. Some studies have suggested 
that there is no consistent relationship between atrophy and neurological and neuropsych- 
ological outcome [23,33]. However, Cullum and Bigler [30] have recently reported that 
volume of atrophy correlates with neuropsychological test performance. Overall volume of 
atrophy correlated significantly with WAIS Performance IQ,  Full Scale IQ, subtests of the 
Wechsler Memory Scale and subtests of the HRNTB.  Intriguingly, Cullum and Bigler [30] 
report that, on a quadrant analysis, many of the significant correlations were associated with 
left frontal atrophy. This finding appears to imply that the left frontal lobe has a privileged 
role in intellectual functions. However, a plausible alternative to a localizationist 
interpretation is that the degree of frontal atrophy reflects overall severity of brain damage. 
This idea implies that frontal atrophy should correlate significantly with overall atrophy. 
Unfortunately, Cullum and Bigler [30] do not report whether this is the case; they do, 
however, say that the greatest volume of atrophy was found in the frontal lobes. The work 
of Cullum and Bigler [30] is important in establishing the potential significance of atrophy; 
clearly further work is required in this area. 

Location of lesions 
(i) Latera l i za t ion .  Investigation of the effects of lateralization of lesions appears to be an 

obvious way in which to attempt to demonstrate direct correspondence between lesions 
detected by neuroimaging and neuropsychological function. Table 3 summarizes studies of 
head injury in which findings concerning lateralization have been reported; the table is 

Table 3. Examples of studies reporting lateralization of abnormalities and neuropsychological impairment. 

Study n Abnormality Main findings 

Thomsen [41] 15 Haematoma, laceration 

Uzzell et a / .  [42] 27 Haematoma, contusion 

Brooks et al. (281 52 Haematoma 

Levin et a / .  [43] 21 Haematoma, oedema, 

Levin et d. [33] 32 Ventriclebrain ratio 

hemiparesis 

Cullum and Bigler [30] 48 Ventriclebrain ratio 

Patients with severe focal lesions and 
aphasia had left hemisphere damage 

Patients with left lesions poorer than 
patients with right lesions on all 
WAIS Verbal subtests. No difference 
on Performance measures 

No difference between patients with 
left and right lesions on tests of 
intelligence, learning and memory, 
and language 

No consistent relationship between 
lateralization and linguistic deficit 

Left, but not right, ventriclebrain 
ratio correlates with WAIS Verbal I Q  
and Performance IQ 

Left and right ventriclebrain ratios 
correlate with WAIS Performance IQ  
(but not Verbal IQ), Wechsler 
Memory Quotient and HRNTB 
measures 
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intended to be representative rather than exhaustive. As can be seen, early positive reports 
such as the study by Uzzell et al. [42] have not been consistently borne out by subsequent 
studies. Overall, the evidence from these studies suggests that there is a relationship, but it is 
weak. This may in part be due to the use of psychological measures which do not show a 
strong degree of lateralization in the first place, e.g. the Verbal and Performance scales of the 
WAIS [44]. The issue might profitably be further investigated using specific tests with 
demonstrable lateralization. 

Rather than specific hemispherefunction relationships, there appears to be a trend for 
left-sides abnormalities to be associated with poorer performance on a wide range of 
measures. In many studies [30,31,33,42], but not all [28], left-sided lesions in head-injured 
patients are associated with more pronounced cognitive deficits on tests of general 
intellectual ability. Cullum and Bigler [45] report evidence that left hemisphere lesions also 
produce greater changes in affective processes in patients with head injury: they found that 
left- but not right-sided lesions were associated with elevated Minnesota Multiphasic 
Personality Inventory scores in a group of 48 head-injured patients. However, Levin and 
Grossman [46] report that hemispheric lateralization of lesions produced no differences on 
the Brief Psychiatric Rating Scale. Although the evidence is not entirely consistent, it 
appears that left-sided lesions may be associated with poorer outcome from head injury than 
right-sided lesions. 

Studies of lateralization focus on patients with predominantly unilateral lesions; 
however, bilateral lesions are common in head injury. .Rao  et al .  [47] investigated the 
rehabilitation outcome of 30 patients with severe closed head injury. O n  CT, bilateral 
lesions were detected in 17 patients and unilateral lesions in 10. The patients with bilateral 
lesions appeared to have poorer rehabilitation outcome than patients with unilateral lesions, 
but unfortunately Rao et al. [47] did not test differences for statistical significance. 

Attempts to establish specific relationships between lateralized damage and functional 
impairment in head injury have proven disappointing. Failure to find such relationships 
may in part stem from the use of neuropsychological measures which are non-specific, and 
also may reflect the presence of additional damage not detected by CT. Even if relationships 
could be reliably established using more sophisticated techniques, such findings would still 
be consistent with the view that the brain damage in head injury is primarily diffuse. Strich 
[48] in her classic description of diffuse axonal injury reported that diffuse damage may be 
predominantly unilateral. 

(ii) Depth of lesion. It has been suggested that after head injury deeper lesions are 
indicative of more widespread brain damage than cortical lesions. Ommaya and Gennarelli 
[49] propose that the severity of injury follows a centripetal sequence: in mild cases only the 
surface of the brain is damaged, while in progressively more severe head injury damage 
extends inwards to the brain stem. Jenkins et  al. [18] report that on M R I  all, or nearly all, 
patients with intracerebral lesions have cortical lesions, while the converse is not the case. In 
their study, deeper lesions were associated with greater impairment of consciousness. A 
number of studies have reported that deep abnormalities are associated with poorer 
neuropsychological outcome [23,36,50,51], and the evidence reviewed above concerning 
the significance of ventricular enlargement also supports this idea. Wilson et al. [37] 
performed acute and follow-up MRI scans on 25 patients. Patients were classified according 
to the deepest abnormality detectable on scanning. The classification derived from late, but 
not early, MRI correlated with performance on a variety of neuropsychological tests 
including subtests of the WAIS and Wechsler Memory Scale. 

The relationship may have both direct and indirect components. Deep lesions may be 
more disruptive of function per se, a view advanced by Henry Head [52] on the basis of his 
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observations of patients with focal injuries. It is also possible that deep lesions have general 
consequences through some relatively specific effect. Thus deep lesions may be responsible 
for the slowing so often encountered after head injury, and this in turn may produce poor 
performance on a large number of neuropsychological tests. It would thus be worth 
investigating whether reaction time and other measures of information-processing speed are 
related to white-matter lesions. However, in addition to any such specific effects the view 
proposed by Ommaya and Gennarelli [49] implies that in closed head injury there is a 
characteristic pattern of brain damage such that deeper lesions are associated with greater 
overall damage to the brain. O n  this view, neuropsychological test performance will be 
related to lesion depth because the depth of the deepest lesion serves as an index of the 
severity of overall brain damage. 

It is probable that some deep lesions are of greater significance than others. Adams et al. 
[9] emphasize the vulnerability of the corpus callosum in head injury, and claim that a lesion 
in the callosum is characteristic of patients with diffuse axonal injury. Evidence for 
corresponding symptoms of hemispheric disconnection in head-injured patients has been 
reported [43,53]. Abnormalities in the corpus callosum are only rarely visualized on CT, 
but MRI  is much better able to detect callosal lesions. Gentry et al. [54] found lesions 
consistent with diffuse axonal injury in 34 out of 40 head injured patients: 21.5% of lesions 
were in the corpus callosum, the majority being in the splenium. Studies using MRI  will 
thus allow the significance of callosal lesions to be properly investigated, and indeed reports 
of relationships between such lesions and interhemispheric disconnection have already 
appeared [55]. 

(iii) Cortical regions. Neuropathological studies show that in head injury there is a clear 
anterior-posterior gradient in the frequency of occurrence of lesions. For example, Adams 
et al. [ 191 report that frontal and temporal regions have the highest frequency of contusions, 
and that contusions are much less common in parietal and occipital areas. Similar findings 
are reported in MRI studies of survivors of head injury [54,56]. This overall distribution of 
damage is in good agreement with the neuropsychological deficits typically found in head 
injured patients [12,13]. A detailed account ofhead injury is presented by Walsh [57], which 
emphasizes frontal lobe damage and the corresponding difficulties in adaptive behaviour 
shown by these patients. However, although there is good agreement at this general level it 
has proven difficult to demonstrate more specific relationships that would apply reliably to 
individual cases. 

The insensitivity of C T  largely precluded systematic work on the relationship between 
abnormalities in particular lobes of the brain and neuropsychological test performance after 
head injury. Most reports have concerned single cases. Levin, High and Eisenberg [58] 
report an association between temporal lobe lesions and rapid forgetting in four patients. 
However, they also noted two patients with temporal lobe lesions who did not show 
abnormal forgetting. Bigler [59] describes five patients, four of whom had head injuries. In 
three cases there was a measure of agreement between CT and neuropsychological findings, 
and in two there was not. Bigler [59] argues that, even in cases in which the findings are 
inconsistent, the investigations can be viewed as complementing one another, and both are 
therefore of clinical value. 

MRI  has reopened the question of whether neuropsychological function after head 
injury can be related to lesions in specific lobes of the brain [60,61]. O n  the basis of MRI  
findings, Levin and colleagues [56,61] argue that head injury should be regarded as a 
multifocal injury. Levin et al. [61] describe four cases of head injury who had MRI and 
detailed neuropsychological testing. They argue that test results show good agreement with 
the specific sites in which lesions were detected. However, both neuropsychological and 
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MRI  findings were complex, and it is difficult to know what counts as agreement between 
them. Levin et al. [56] studied 20 patients with moderate or minor head injury. Patients 
performed neuropsychological tests designed to tap frontal lobe functioning and temporal 
lobe functioning. Levin et al. [56] present individual cases and overall correlations with 
lesion sizes in different locations to support the claim that MRI  allows direct relationships to 
be established between structure and function. The evidence presented by Levin et al. [56] is 
far from conclusive, but they make an ambitious and intriguing claim, which warrants 
further investigation. 

Evolution of lesions 
There is an increasing awareness that recovery from head injury shows a great deal of 

individual variability [62]. It is thus somewhat surprising that there have been few studies 
investigating evolution of lesions and recovery of function. 

Uzzell et al. [63] investigated neuropsychological recovery in a group of30 patients with 
severe head injury. Patients were classified as having focal injury, diffuse injury or diffuse 
swelling on the basis of C T  scanning during the acute phase. Diffuse injury was defined as 
the presence of midline haemorrhage or haemorrhage at the grey-white matter interface. 
Neuropsychological testing was carried out at 4 months and 8 months. Greatest impairment 
on memory and learning was found in the group with diffuse axonal injury; however, this 
group also showed greatest improvement over time. The study allows recovery to be 
related to early C T  findings, but does not give any information about concomitant changes 
in the brain. 

Three studies already mentioned have compared early and follow-up scans. Meyers et al. 
[35] distinguished ventricular enlargement during the first month post-injury from 
ventricular enlargement occurring later: only late ventricular enlargement was related to 
neuropsychological function. Sichez-Auclair and Sichez [36] compared CT scans a t  3 
months with admission scans in 78 patients with severe head injury. They conclude that 
admission scans give little or no guidance to neuropsychological outcome, while ventricular 
enlargement detected by C T  a t  3 months is reliably associated with poorer outcome. Wilson 
et al.  [37] found that follow-up MRI, but not early M R I  or CT, correlated with follow-up 
neuropsychology. These studies thus serve to emphasize the importance of late 
abnormalities. 

Levin et al. [56] carried out a follow-up MRI study over a period of 3 months and 
observed reduction in the size of lesions detected and a parallel improvement in 
neuropsychological test performance. However, the number of patients returning for 
follow-up at 3 months was small: six out of an initial 20 cases. The study serves to illustrate 
one of the difficulties of carrying out a satisfactory study of recovery from head injury. 

Recovery from head injury is a complex process, involving dynamic changes in the 
brain. As yet the nature of these changes have only begun to be investigated. The studies 
indicate that it may be very difficult to predict outcome from early scanning. Variability in 
the time at which scanning is performed is a major methodological weakness of much 
previous work. The timing of scanning and testing is clearly of critical importance, and this 
must be taken into account in future work. There is clearly a pressing need for follow-up 
studies of head injured patients. Such studies would elucidate the nature of the long-term 
damage caused by head injury, and allow the evolution of lesions to be investigated. Thus, 
for example, an important question concerns the precursors of atrophy and ventricular 
enlargement. Such research would address one of the central puzzles of head injury: why is 
there such variability in recovery from apparently similar injuries? 

Association ATIDE 
Centre de Documentation ARIANE



360 J .  T. L. Wilson 

Structural correlates of particular functional deficits 

Specific deficits, such as aphasia, which might show classical localization of function are 
more common immediately after injury than they are later. An early study suggested that 
the lesions responsible for post-traumatic aphasia could be localized in the same regions as 
vascular lesions that produce aphasia [64]. Single-case reports have appeared which link left 
temporal haematoma to transient fluent aphasia [65] and dyslexia [66]. However, by no 
means all studies have found a relationship between post-traumatic language difficulties and 
lcft hemisphere lesions. Levin et al. [43] followed-up 21 patients who had shown acute 
aphasia immediately after injury. Nine patients had recovered to normal levels when tested 
6 months or more post-injury. Generalized expressive and receptive impairment was 
present in six patients. Residual linguistic deficits did not show any consistent relationship 
with indications of lateralized brain damage such as haematoma, focal oedema or 
hemiparesis. Late ventricular enlargement was present in all patients with generalized 
linguistic disturbances, but ventricular enlargement was also found among patients with 
normal language profiles. The study suggests that linguistic impairment is related to severity 
of diffuse damage, however, it should be noted that the number of patients with persisting 
deficits was small. The approach used in this study could also be applied to patients with 
other characteristic deficits such as executive deficits, or severe, persistent memory 
problems. 

Conclusions 

Studies show that it is difficult to demonstrate a relation between lesions in particular 
locations and specific neuropsychological deficits after closed head injury. Much more 
convincing relationships have been demonstrated for measures which appear to reflect 
overall severity of brain damage, such as ventricular enlargement. Studies to date thus 
support the view that brain damage after head injury is primarily diffuse, with any focal 
effects being much more weakly superimposed. Diffuse damage does not imply that all parts 
of the brain are equally affected. The review suggests that diffuse damage is distributed in 
three axes which are relevant for neuropsychological function. (1) Damage may be 
unilateral or bilateral. Damage to the left hemisphere apparently produces greater 
impairment on conventional measures of general intellectual function than damage to the 
right hemisphere. However, bilateral damage is probably associated with greater 
impairment than damage to either left or right hemispheres alone. (2) Damage is almost 
always greater in anterior than posterior regions. This distribution of lesions accounts for the 
disorders of higher cognitive functions and adaptive behaviour that are typical of head 
injured patients. (3) Damage shows a centripetal gradient. With increasing severity of injury 
lesions occur deeper in the neuraxis and neuropsychological impairment is greater. 
Technical advances in neuroimaging together with specific neuropsychological testing may 
show that diffuse injury can more properly be considered to be multifocal. However. 
current findings emphasize the importance in closed head injury of patterns of damage 
rather than isolated lesions, and it is to be expected that further characteristic patterns of 
damage will be identified. 

The heterogeneity of the head injured population makes it particularly difficult to make 
generalizations: individual cases often prove to be exceptions. Interpretation of scans from 
individual patients correspondingly remains problematic. One approach to a solution may 
be to divide the population into distinct subgroups. Thus, for example, the question of 
whether the damage caused by head injury is primarily focal or diffuse may be misguided. It 
may well be more appropriate to consider whether it is possible to distinguish groups with 
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damage that is primarily focal, primarily diffuse or a combination of both. However, there 
is n o  consensus on  the appropriate method of classifying patients. CT scanning has been used 
in  the past to  distinguish focal and diffuse head injury. However, the diffuse classification is 
often based on  the absence of mass lesions (e.g. Gennarelli et al. (251, Levin et al. [43]). 
Classifications such as this, which assume that focal and diffuse injuries are mutually 
exclusive, are entirely unsatisfactory. Classification is potentially very important because 
relationships between structure and function may differ in different subgroups. A major 
challenge is, therefore, the construction of a coherent, conceptually satisfactory classification 
of head injured patients. 
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