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Objective: The gross morphology and morphometry of the hippocampus, fornix, and corpus callosum in
patients with severe non-missile traumatic brain injury (nmTBI) without obvious neuroradiological lesions
was examined and the volumes of these structures were correlated with performance on memory fests. In
addition, the predictability of the length of coma from the selected anatomical volumes was examined.
Method: High spatial resolution T1 weighted MRI scans of the brain (1 mm?) and neuropsychological
evaluations with standardised tests were performed at least 3 months after trauma in 19 patients.
Results: In comparison with control subjects matched in terms of gender and age, volume reduction in the
hippocampus, fornix, and corpus callosum of the nmTBI patients was quantitatively significant. The length
of coma correlated with the volume reduction in the corpus callosum. Immediate free recall of word lists
correlated with the volume of the fornix and the corpus callosum. Delayed recall of word lists and
immediate recall of the Rey figure both correlated with the volume of the fornix. Delayed recall of the Rey
figure correlated with the volume of the fornix and the right hippocampus.

Conclusion: These findings demonstrate that in severe nmTBI without obvious neuroradiological lesions
there is a clear hippocampal, fornix, and callosal volume reduction. The length of coma predicts the
callosal volume reduction, which could be considered a marker of the severity of axonal loss. A few
memory test scores correlated with the volumes of the selected anatomical structures. This relationship with
memory perFormance may reflect the diffuse nature of the damage, leading to the disruption of neural

in focal damage of the brain parenchyma, owing to

cerebral contusion, intracranial haematoma, or high
intracranial pressure. It may also result in diffuse brain
damage, diffuse axonal injury, hypoxic brain damage, brain
swelling, and diffuse vascular injury.' Diffuse brain damage is
suspected in an unconscious patient who does not exhibit an
obvious lesion using conventional computerised tomography
or MRL** However, quantitative studies of brain MRIs
collected at least 6 weeks post-injury have shown that
moderate to severe traumatic brain injury results in decreases
in the volume of the hippocampus,”® fornix,*"'’ and corpus
callosum.'*"*

Variable results have been obtained in MRI studies
evaluating the relationship between length of coma and the
callosal volume reduction.'”" In addition, investigations of
the relationships between memory impairment, one of the
most frequent cognitive sequelae of traumatic brain injury,"
with anatomical volumes of the hippocampus and the fornix
have yielded inconsistent results.”"’

It could be argued that inconsistent results in the
relationship between volume changes in specific anatomical
structures and the behavioural consequences of traumatic
brain injury could have arisen because of heterogenous
cohorts. Focal brain lesions in some patients might have been
responsible for impairment on specific cognitive tests, thus
confounding the evaluation of the relationship between

N on-missile traumatic brain injury (nmTBI) may result
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circuits at multiple levels and the progressive neural degeneration occurring in TBI.

cognitive dysfunction and the volume changes in selected
brain structures. Indeed, follow up studies have revealed
different neuropsychological performance patterns when
comparing diffuse versus focal brain lesions in traumatic
brain injured patients.” '* By selecting a sample of nmTBI
patients without large radiological lesions, it should be
possible to estimate the volume modifications of specific
anatomical structures and their relationship with coma and
memory impairment, while avoiding the confounding effect
induced by large brain lesions.

Another possible source of the lack of a consistent
relationship between neuroanatomical volumes and beha-
vioural data may be the different methods used in macro-
scopic neuroanatomical studies to normalise the brain
measures. In order to reduce the inter-individual variability
in brain size, some studies used forebrain volume, cranial
capacity, or cross sectional cerebral area to derive a ratio
measure of the structures of interest,” *” ' ' '* while other
studies used the above measures as covariates in statistical
analysis."” *° Recently, Bermudez and Zatorre®' tested differ-
ent methods of normalising corpus callosum volume mea-
surements and have concluded that a reliable measure could
be obtained by registering the MRI brain volumes into the
Talairach proportional stereotaxic space using the algorithm

Abbreviations: nmTBI, non-missile traumatic brain injury; ROI, region
of interest
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developed by Collins ef al.** In the present study, we applied
this method of normalisation for callosal, hippocampal, and
fornix volume measurements.

Patients who had experienced a severe nmTBI at least
3 months before the present MRI study and who did not have
large detectable brain lesions were investigated. The aim of
the present study was fourfold: (4) to examine the gross
morphology of the hippocampus, fornix, and corpus callo-
sum; (b) to estimate the volume reductions in the hippo-
campus, fornix, and corpus callosum after normalising the
brains in Talairach space; (c¢) to investigate whether the
length of coma can predict the extent of volume reduction in
any one of the neuroanatomical structures considered; and
(d) to examine whether the volumes of the structures of
interest correlate with performance on standard neuropsy-
chological tests of memory.

Methods

Nineteen patients (12 males, 7 females; mean (SD) age 28.25
(13.05) and 42.71 (16.37) years; range 17-60 and 19-68 years,
respectively), who had experienced a severe nmTBI
(Glasgow Coma Scale <8) and had recovered from a
period of coma that ranged in duration from 3 to 60 days,
were studied. They were selected from a consecutive
sample of 28 nmTBI patients who were attending the
rehabilitation programme in the Santa Lucia Hospital in
Rome. Patients who had severe language or attention
deficits that prevented neuropsychological testing were
excluded from the study. Patients who exhibited detectable
lesions that were larger than 1.6 cm®>—that is, approxi-
mately 1/1000 of the overall brain volume in standardised
stereotaxic space as seen on the high spatial resolution
MRI collected at the time of the study, were also excluded
(see table 1 for details of the lesions). The decision to
define this as the small lesion was reached by consensus
among the investigators. The injury of the patients
occurred 3—113 months (mean (SD) 20.16 (28.9)) before
the time of testing. Nineteen gender matched control
subjects who were comparable in age were also studied (12
males, 7 females; mean (SD) age 30.08 (13.15) and 44.71
(17.21) years; range 18-60 and 23-72 years, respectively).
Neither the nmTBI nor the control subjects had a history of
neurological or psychiatric disorder or drug abuse. All
participants gave informed consent. The protocol was
approved by the research ethics committee of the Santa
Lucia Foundation.

MRI

Magnetisation prepared rapid gradient echo T1 weighted
images (Erlangen, Germany; 1 mm isotropic voxel, repetition
time 11.4 ms, echo time 4.4 ms, flip angle=15° were
obtained with a Siemens 1.5T Vision Magnetom MR system.
The high spatial resolution brain sampling of 1 mm’ allowed
images to be rotated by small angles in the three orthogonal
planes, thus facilitating the identification of anatomical
landmarks for the selection of the regions of interest. MRI
volumes were rotated so that the septum pellucidum and at
least a large part of the falx would be visible in the sagittal
plane. This is particularly important for obtaining a reliable
measure of the corpus callosum as it is sampled at its most
medial part. In addition, to better visualise the hippocampus,
each MRI volume was manually oriented along the main axis
of the hippocampus (see fig 1).

Regions of interest: anatomical landmarks and
boundaries

Hippocampal volume

The axial view was the default view, but reference to the
coronal and sagittal views was also made when identifying
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Table 1 Site and volume of brain lesions
Volume Overall
of lesion volume of
GroupAge Sex  Brain lesions (em®) lesions (cm®)

T 19 F Left superior frontal  0.80 1.35
gyrus
Left middle temporal  0.35
gyrus
Right periventricular  0.20
white matter
T 28 F - - -
T 3% F - - -
T 46 F Left superior frontal  0.25 0.25
gyrus
T 47 F Left superior frontal  0.30 0.84
gyrus
Right superior frontal 0.54
gyrus
T 54 F - - -
T 68 F

T 17 M(a) Left globus pallidus  0.20 0.27
Right dorsocaudal ~ 0.07

thalamus

T 17 M (b) Left post-central gyrus 0.02 1.22
Left middle frontal 1.20
gyrus

T 17 M) Left dorsocaudal 0.06 0.98
thalamus
Left temporal pole ~ 0.47
Corpus callosum 0.45

T 21 M Left middle temporal  0.30 1.04
gyrus

Right temporal pole  0.20
Right paracentral 0.34
lobule
Right infernal capsule 0.20
T 22 M(a) Right dorsocaudal 0.08 0.08

thalamus
T 22 M (b) Left temporal pole 1.56 1.56
T 23 M = = =
T 27 M Left temporal pole ~ 0.50 1.00

Left extreme capsule  0.50

T 34 M Left superior frontal  0.40 1.5
gyrus
Right superior frontal 1.10
gyrus
T 35 M Left middle frontal 0.20 1.52
gyrus
Right temporal pole  0.72
Right superior frontal 0.60
gyrus
T 44 M Right superior frontal 0.04 0.09
gyrus
Right middle temporal 0.05
lobe
T 60 M Left superior frontal ~ 0.40 1.36
gyrus
Left superior temporal 0.64
gyrus
Left insula 0.20
Right superior frontal 0.12
gyrus

the boundaries of the hippocampal region of interest (ROI).
The subiculum was excluded from the definition of the
hippocampal volume. The anatomical landmarks selected to
define the hippocampal volume were: rostro-laterally, the
temporal horn of the lateral ventricle; caudally, the section
immediately before the most posterior part of the tail of the
hippocampus—that is, the point where an ovoid mass of gray
matter started to appear inferomedial to the trigone of the
lateral ventricle; medially, the sulcus hippocampi, excluding
the subiculum and probably a small part of the cornu
ammonis. Thus, the hippocampal volume as measured in the
present study represented the dentate gyrus and the cornu
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Figure 1 The hippocampal region of the nmTBIs is shown in the left column (T, trauma patients) and in the right column that of the control subjects (C,
control subjects) matched for gender and age. The numbers indicate the age while the letters ‘¥ and ‘m’ refer to female and male subjects, respectively.

The doshec! rectangle indicates the region of the brain from which the hi
hippocampal volume reduction was evident compared with their matche

LV, lateral ventricle.

ammonis, but not the alveus. The latter was defined as the
white band observed at the top of the cornu ammonis.

Fornix volume

The coronal view was the default view, but the axial and
sagittal views were also used to identify the boundaries of
the fornix. The anatomical landmarks selected to define the
volume of the fornix were the following. Starting from the
left and right crura of the fornix, we proceeded rostrally and
caudally as far as the corpus callosum. The limit of the body
of the fornix with the septum pellucidum was followed as far
as the anterior commissure.

Corpus callosum volume

This was measured from the mid-sagittal MRI slice (1 mm
thickness) at the point where the septum pellucidum and the
falx were simultaneously visible. The boundaries were,
dorsally and rostrally, the pericallosal sulcus, and ventrally,
the III ventricle and the cisterna superior. When it was not
possible to distinguish between the corpus callosum and the
fornix, a boundary was chosen by drawing the shortest line
between the anterior and the posterior end of the corpus
callosum with the fornix.

Labelling of the region of interest

The ROI was mapped using the interactive program Display
(J D McDonald, Brain Imaging Centre, Montreal Neurological
Institute; www.bic.mni.mcgill.ca/software/display). This pro-
gram permits labelling of voxel regions on each slice of the
MRI volume and allows for the simultaneous visualisation in
three dimensions of the movement of the cursor in the
sagittal, axial, and coronal planes of the MRI. Any area can be
selected and, by using the Display “mouse brush”, the voxels
of the area can be coloured. This colouring procedure,
accompanied with the 3D view of the MRI planes, allows
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pocampal images were selected (A). As can be seen from (A) and (B), the
control in all the nmTBI patients, except for nmTBI Tm23. Hi, hippocampus;

better identification of the ROI. In this study, the ROIs were
identified by their landmarks and then the voxels of the area
were marked by colouring. Once the ROIs had been thus
selected, Display calculated the volume. A similar procedure
had been used previously.” The raters were blinded to the
clinical information. The inter-rater reproducibility (evalu-
ated by means of intra-class correlation coefficient were:
hippocampi = 0.85 (raters were FF and FT), corpus callo-
sum = 0.90 (raters were MDP and FT), and fornix =0.91
(intra-rater MDP). Each ROI was subsequently re-drawn by
mutual consent among the raters (MDP and FT), and this
measure was used for statistical analysis.

Brain volume normalisation

In order to reduce the inter-individual variability in gross
brain size, each of the MRI brain volumes from which the
volumetric measures were collected was registered into the
Talairach proportional stereotaxic space, using a 9 parameter
registration algorithm.”* The normalised Talairach stereotaxic
space ROI measures were automatically obtained by applying
the appropriate dimension of scaling recovered during the
Talairach stereotaxic brain volume transformation. A similar
procedure has been used in previous studies.* **

Focal lesion measurement

We defined as lesion the missing brain tissue that was
visually detectable on the high-spatial resolution T1 weighted
MRI images. Each visually detected lesion was drawn by two
raters (MDP and FT) following mutual consent, using the
labelling method described in the ROI procedure.

End of coma

The end of coma was defined as the date when the patient
was able to execute a simple command, which was retro-
spectively established based on the anamnestic report.
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Neuropsychological testing

This testing was carried out within a period of 2 weeks from
the MRI scan. Overall estimation of the global intellectual
and mnestic performance of the patients was obtained by
administering the Wechsler Adult Verbal Intelligence Scale
Revised”” and the Wechsler Memory Scale.”® More detailed
neuropsychological testing was focused on memory and
included the tests described below. The test scores were
adjusted for age, years of education, and gender. For each one
of the following tests, the adjusted performance score falling
below the lower limit of the 95% tolerance interval of the
normal population was considered as pathological.”*!

Word list learning®

The examiner reads a list of 15 semantically unrelated words
at the rate of one word every 2 seconds and the subject is
required to repeat, immediately afterwards, as many words as
possible. The test consists of five consecutive such immediate
free recall trials, followed by a delayed recall test that is
administered 15 minutes after the fifth immediate free recall.
Performance scores are the number of words correctly
recalled (pathological score <28.33 and 4.69, maximum
score 75 and 15 for the immediate and delayed tests,
respectively™).

Immediate and delayed recall of a short story®

The examiner reads a short story that the subject must recall
immediately after presentation and also after a 15 minute
interval. Performance scores are defined as the number of
informative units reported (pathological score <3.10 and
2.39, maximum score 6 and 6 for the immediate and delayed
tests, respectively’').

Rey-Osterrieth complex figure test®' 32

The test consists of a freechand copy of a complex, non-
verbalisable figure that is followed by an immediate and a
delayed (20 minutes later) reproduction from memory.
Performance scores are defined as the number of elements
that are correctly reproduced (pathological score <6.44 and
6.33, maximum score 36 and 36 for the immediate and
delayed tests, respectively’').

1317

The scores on the memory tests for each subject are
presented in table 2.

Statistical analysis

Before applying parametric analysis, Kolmogorov-Smirnov
and Shapiro-Wilk tests were applied to identify deviations
from ‘normality’ for all the examined anatomical and
neuropsychological distributions of scores. Only the data
from the word list learning delayed recall test (Kolmogorov-
Smirnov statistic = 0.220, df =19, p= —0.016; Shapiro-Wilk
statistic =0.85, df=19, p=0.011) deviated significantly
from the normal distribution.

As it has been demonstrated that there are age and gender
related differences in the volume of the anatomical structures
of interest,” ** we carried out a regression analysis of age with
left and right hippocampus, corpus callosum, and fornix
volumes in the control group. The regression analysis
revealed no significant correlation between age and volumes
of the left hippocampus (r=0.106, NS), right hippocampus
(r=0.248, NS), or corpus callosum (r =0.096, NS), but the
correlation with the volume of the fornix was significant
(r=0.46, p=0.047). To test for gender effect, an unpaired ¢
test comparing male versus female for each anatomical
measure was applied to the data from the control group.
There were no significant differences between male and
female for the volume of the left hippocampus (t(;7, = 0.827,
NS), the right hippocampus (t(;7)=0.495, NS), the fornix
(t17) =0.69, NS), or the corpus callosum (t(;7) =1.42, NS).

Finally, it has been shown that cell loss after non missile
head injury occurs continuously over a considerable period of
time.” For this reason, the temporal interval between head
injury and test was correlated with the investigated
anatomical volumes. There was no significant correlation of
the anatomical volumes and the temporal interval between
head injury and test (left hippocampus, r = 0. 36, NS; right
hippocampus r =0.22, NS; corpus callosum r= —0.36, NS;
fornix r= —0.188, NS). A linear anatomical reduction was
assumed in the above correlation analyses.

The following data analyses were carried out: (1) A mixed
two way analysis of variance on hippocampal volumes, the
inter-subjects factor being “group” (nmTBIs versus controls)
and the intra-subjects factor being ““hemisphere” (left versus

Table 2 Behavioural data
Head
iniury to Words Short story  Short story Rey figure
Coma time fest immediate  Words delayed immediate  delayed ~ immediate Rey figure
length interval WAIS recall (cut  recall (cut recall (cut  recall (cut recall (cut delayed recall
Age Sex (days) (months) Litracy VIQ MQ VIQ-MQ off=28.53) off=4.69) off=3.10)  off=2.39) off=6.44) (cut off=6.33)
19 F 30 10 1 71 49 22 12.1* 0.0* 0.0* 0.0* - -
28 F 60 113 13 90 72 18 16.3* 2.2* 2.9* 2.6 8.4 8.1
37 F 10 12 18 113 97 16 23.7* 52 6.5 73 0.1* 0.8*
46 F 13 8 18 87 80 7 14.3* 1.1* 3.2 2.6 4.6* 4.3*
47 F 45 11 18 98 107 -9 29.7 4.5% 4.8 4.4 4.6* 2.8*
54 F 3 10 13 105 92 13 36.0 4.5* 4.6 0.0* 8.7 12.0
68 F 3 3 5 83 66 17 29.0 5.4 4.2 1.7* 10.0 9.8
17 Mia) 43 13 10 91 69 22 8.9* 0.0* 2.8* 0.0* 4.9* 4.8*
17 M(b) 15 ) 10 106 114 -8 30.9 6.2 58] 2.6 9.9 0.0*
17 M(c) 40 1 10 96 84 12 22.9* 3.2 - - 12.9 11.8
21 M 39 11 9 79 60 19 20.9* 2.2* 4.5 4.4 — —
22 Mla) 30 11 13 82 57 25 13.1* 0.0* 3.8 0.0* 0.0* 0.0*
22 M(b) 55 78 8 77 59 18 8.9* 0.0* 0.0* 0.0* 0.0* 0.0*
23 M 41 8 8 89 8 3 29.9 4.5* 3.9 6.9 0.0* 0.0*
27 M 28 11 13 87 67 20 12.2* 0.0* = = 1.6* 0.0*
34 M 28 50 18 110 90 20 16.7* 0.0* 1.6* 4.5 3.6* -
35 M 18 8 13 111 90 21 21.5* 3.6* 7.4 6.1 5.8* 2.2*
4 M 8 5 8 88 67 21 23.8* 0.0* 3.1 0.8* 4.1* 1.1*
60 M 45 9 5 91 69 22 20.4* 2.2* 4.0 0.0* 1.9* 1.6*
*Pathological score.
WAIS VIQ, Wechsler Adult Intelligence Scale — Verbal Intelligence Quotient; MQ, Memory Quotient; VIQ-MQ, Verbal Intelligence Quotient minus Memory
Quotient.
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right); (2) an analysis of covariance with age as a covariate to
control for the age effect on fornix; (3) an unpaired f test on
the corpus callosum volumes comparing nmTBI with the
control group; (4) multiple linear regression analysis to
measure predictability of the length of coma, estimated by
using as dependent variables the volumes of the left and right
hippocampus and the corpus callosum. For the dependent
variable volume of the fornix, age was also included as a
covariate; (5) Pearson partial correlations, used to search for
a relationship between the neuropsychological test scores
and the anatomical volumes. For the correlation with the
fornix volume, there was no correction for age as the
neuropsychological test scores are already corrected for age
and education. In order to avoid type II error, p <0.05 was
considered significant without correction for the multiple
tests. Without such a correction, higher sensitivity is
obtained, but some of the significant brain-behaviour
relationships could be false positives. Exact p values are
reported in order to allow a direct evaluation of significance.

www.jnnp.com
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| Figure 2 The morphology of the
corpus callosum as visua?ised from the
sagittal view: right column for the
nmTBls (T, trauma patients) and left
b column for the control subjects (C,
control subjects) matched ZOI‘ gender
and age. The numbers indicate the age,
| ond the letters ‘¥ and ‘m’ refer to female
and male subjects, respectively. The
corpus callosum in nmTBIs is reduced
compared with that of the control
subjects. The shape of the corpus
callosum in the nmTBIs appears to be
more concave than that of the normall
subjects. Additionally, the fornix
appears very thin in the nmTBls. Note
m that the Ill ventricle appears to have
widened and only the adesio
| interthalamica is sometimes visible,
whereas in control subjects the medial
walll of thalami can be clearly seen. 3v,
Il ventricle; Fx, fornix; ai, adesio
interthalamica; Th, thalamus.

SPSS for Windows (release 10.0.1, SPSS Inc) was used to
perform the statistical analyses.

RESULTS

Gross morphological findings

Hippocampus

The morphology of the hippocampi as visualised from the
axial view of each studied brain is presented in fig 1. In most
of the nmTBIs, the hippocampal volume reduction was
evident when compared with matched controls. Visual
inspection of this figure does not allow detection of volume
reduction in a specific location of the hippocampus.
Furthermore, the shape of the hippocampus does not seem
to be modified, but rather appears reduced overall.

Fornix
Inspection of fig 2 suggests that the size of the fornix in the
severe nmTBI group is consistently reduced compared with
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Figure 3 Volume measurements for each participant: left hippocampus, right hippocampus, fornix, and corpus callosum regions are normalised into
the Talairach stereotaxic space. The unfilled symbols identify the nmTBI subject, and the filled symbols the normal control (C). The abscissa shows the
ordinal numbers indicating the nmTBI and C subjects matched for gender and comparable for age. The dotted lines in the graphs represent the mean
for each ROI. The inter-group comparison was significantly different for each ROl in that nmTBI had smaller volume than C.

gender and age matched control subjects, while the shape
does not seem to be have been modified.

Corpus callosum

The morphology of the corpus callosum as visualised from
the sagittal view of each brain is presented in fig 2. Inspection
of this figure suggests that the size of the corpus callosum in

Table 3 Correlations between cognitive tests and neuro-
anatomic measures

left  Right
Test hipp  hipp

Corpus
Fornix callosum

Words immediate recall (n=19)

r 0.09 0.11 0.58 0.50

p 0.70 0.64 0.01 0.03
Words delayed recall (n=19)

r 0.24 0.12 0.50 0.24

P 0.31 0.60 0.03 0.32
Short story immediate recall (n=19)

r 0.06 -0.14 0.23 0.24

p 0.80 0.59 0.38 0.35
Short story delayed recall (n=19)

r 0.08 —-0.0010.03 -0.07
0.75 1.00 0.93 0.78
Rey figure immediate recall (n=17)

r 0.21 0.41 0.49 0.25

p 0.42 0.10 0.05 0.33
Rey figure delayed recall (n=16)

r 0.44 0.50 0.59 0.37
p 0.09 0.05 0.02 0.16

Values of p<0.05 uncorrected are shown in bold.

the severe nmTBI group was reduced in comparison with that
of their matched control group. The shape of the corpus
callosum in the nmTBIs also differs from that of the control
subjects in that it appears to be more concave. Furthermore,
an enlargement of the III ventricle in the nmTBI patients is
evident, probably as consequence of the transneuronal
degeneration of the thalamus®* that may produce part of
the IIT ventricle enlargement. The most medial sagittal MRI
section shows only the adesio interthalamica in the nmTBI
patients, whereas in control subjects the medial wall of
thalami can be clearly seen.

Morphometric findings
The volume of the ROIs in each investigated participant is
plotted in fig 3.

Hippocampus

The main factor group was significant (F(;36) =40.078,
p<0.001), showing that the nmTBI group had on average
smaller hippocampi than the control group (mean (SD)
nmTBI 1.100 (0.232); normal control 1.512 (0.197)).
Regardless of group, a significant difference
(F(1,36) = 12.314, p=0.001) was found between hippocampi,
the right hippocampus (mean = 1.349, sd.=0.307) being
larger than the left (mean (SD) 1.264, (0.286)). Similar
differences have been previously reported.** *” The interaction
was not significant.

Fornix

Age was significant (F,35)=17.40, p<<0.001), indicating
that, in our sample, fornix volume increased with age.
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However, controlling for age, the inter-group volume
comparison revealed that the nmTBI group had a mean
(SD) smaller fornix (0.633 (0.114)) than the normal control
group (0.738 (0.101)) (F(y 35, =10.80, p=0.002).

Corpus callosum

The between group comparison revealed that the nmTBI
group had a smaller mean (SD) corpus callosum (0.699
(0.111)) than the normal control group (0.814 (0.103))
(t(36) = —3.264, p<0.002).

Predictability of the length of coma

The length of coma was predictive of callosal volume
reduction (R= —0.600, p=0.007). The mean reduction of
callosal volume was 3.863 mm’ for each day of coma. Neither
the hippocampal volumes nor those of the fornix were
predictable from the length of coma.

Partial correlations between cognitive tests and ROI
volumes
The Pearson correlation results are summarised in table 3.
The volume of the right hippocampus correlated with the
Rey figure delayed recall and the volume of the fornix
correlated with immediate and delayed recall of both the Rey
figure and the word list. Finally, the corpus callosum volume
correlated with immediate recall of the word list. Immediate
and delayed recall of the short story did not correlate with
any of the neuroanatomical volumes examined.

DISCUSSION

This study evaluated changes in the gross morphology and in
the volume of the hippocampi, fornix, and corpus callosum in
patients with severe nmTBI. The patients sustained the head
injury at least 90 days before data collection, a period during
which some post-traumatic pathological changes such as
wallerian degeneration® and secondary axotomy®” occur and
the transneuronal degeneration starts to appear.” In the
hippocampus, however, there is evidence of ongoing loss of
neurones more than 6 months after injury.”

To estimate the volume modifications of specific anatomi-
cal structures and their relationship with behaviour and
performance on neuropsychological tests without the con-
founding effect induced by large brain lesions, nmTBI
patients with lesions that were larger overall than 1.6 cm’
were excluded from this study. As the neuropsychological
assessment required co-operation and intact language func-
tions, patients with severe language or attention deficits were
also excluded from the study.

In order to reduce inter-individual variability in brain size,
the brains were transformed into the Talairach proportional
stereotaxic space. This transformation scaling adjusts (nor-
malises) for all the brain structures allowing a direct inter-
subject comparison. It is a better normalisation procedure
than others available because it protects from the noise
introduced by a ratio'” '* or by using the brain volume as a
covariate in the statistical analysis."” '**' As can be seen in
fig 1, rotation of the MRI brain volume along the main axis of
the hippocampus provides a better visualisation of this
anatomical structure and frequently permits detection of
hippocampal volume reduction in nmTBI patients when
comparing with control subjects. The hippocampal shape
does not seem to be modified in any specific part, but rather
appears to be reduced overall. However, in single case
observations, if the volume reduction is not large or a clear
asymmetry is not present, it remains difficult to recognise the
hippocampal volume reduction. Only the group comparison
makes it clear that a volume reduction of the hippocampi
occurred in nmTBI patients.
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As pointed out in the Methods section, an excellent
visualisation of the corpus callosum in the sagittal plane
can be obtained when the septum pellucidum and at least a
large part of the falx are visible. In this view, the corpus
callosum of the nmTBIs frequently appears reduced in
volume compared with that of matched control subjects
and its shape differs, in that it appears to be more concave.
The group analysis of the volumetric measurements con-
firmed the impression derived from the visual inspection that
the nmTBI group had a smaller corpus callosum compared
with the control group. Similar findings had been reported
previously.'”"* A reduction in the volume of the fornix in the
nmTBI group was also observed. This result is in keeping with
earlier reports based on two dimensional MRI fornix
measurement.® ' Both fornix and corpus callosum reductions
in patienents with nmTBI are most likely the manifestation
of diffuse axonal damage.

The length of coma in the present study was predictive of
the reduction in callosal volume, consistent with some
previous evidence of such a relationship.'™ Considering
that volume reduction in the corpus callosum is the result of
diffuse axonal damage, our results are in keeping with
neuropathological data on closed head injury in monkeys*
that revealed a correlation between the length of coma and
the extent of the diffuse axonal damage.

The nmTBI patients in our sample had memory impair-
ment that was disproportionate to their general cognitive
deficit. As it can be seen in table 2, with the exception of two
patients, the Wechsler IQ in these patients was consistently
higher than their memory quotient, the discrepancy ranging
from 3 to 25 points.* The memory impairment extended to
both verbal and visual—spatial information. Indeed, each
patient of the nmTBI group performed poorly on at least one
of the six memory tests and with the exception of two cases,
one scoring poorly only on the verbal tests, the other
performing pathologically only on the visual—spatial tests,
the impairment was pervasive, involving poor recall of both
verbal and visual—spatial data.

The results of the correlational analysis weakly support the
hypothesis of a relationship between degree of volume
reduction of the neural structures examined and severity of
the memory impairment. Indeed, of 24 correlation coeffi-
cients calculated between the 4 anatomical volumes exam-
ined and the performance on the 6 memory tests
administered, 21 were in the expected direction (worse
performance scores as the volume decreased). However, only
in a minority of cases (6/24) did these correlations reached
the conventional level of statistical significance. It has to be
considered that some of the significant brain—behaviour
relationships could be false positives, as mentioned in the
Methods section.

Unlike earlier studies, which generally failed to provide
evidence of an association between fornix volume reduction
and performance on memory tests,’'°the present study
showed that the volume of the fornix had the most consistent
pattern of association with memory scores (see table 3).
Perhaps, with respect to a previous study that measured the
fornix area in a single axial slice,® the method used in the
present study to obtain the fornix volume from multiple
measurements in consecutive axial slices may have provided
a more sensitive estimate of the degree of fornix volume
reduction.

The volume of the right hippocampus correlated signifi-
cantly with delayed reproduction of the Rey figure, consistent
with the role of this anatomical structure in visual—spatial
memory.* Finally, the corpus callosum volume correlated
with performance in the immediate word list recall task.
Memory of the short story did not correlate with any of the
anatomical measures; however, only a few nmTBI patients
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scored poorly on this test. It could be speculated that poor
sensitivity of this task might be one of the possible reasons
for this lack of correlation.

Overall, the extent of volumetric reduction in the hippo-
campus, fornix, and corpus callosum accounted for only a
limited portion of the variance in the memory scores of
patients with nmTBI. In particular, although neuropsycholo-
gical evaluation in amnesic patients with hippocampal
damage® and/or atrophy* points to a significant role of the
hippocampal formation in prose recall, we did not find any
correlation between hippocampal and fornix volumes and
short story recall. There could be at least three, not exclusive,
reasons for this observation. (a) As regards the hippocampus,
it should be noted that the measurement in the present study
involved only the dentate gyrus and cornu ammonis. Data
from both the animal and human literature suggest that the
memory impairment may be more evident in cases with more
extensive damage to the medial temporal region including
the subiculum and entorhinal cortex.”” Had we obtained a
volume of the entire mesial temporal region, a more
consistent pattern of association between hippocampal
region volume reduction and memory deficit might have
emerged. (b) A statistical control for the continuous
hippocampal gray matter loss in patients with nmTBI has
been used assuming a linear reduction. However, this process
may not be linear but rather “per stage” as has been observed
in hippocampal neural apoptosis.* In addition, it is possible
that in this study the volumetric measures were obtained
while the neural loss was still in progress, even though the
cognitive impairment might have stabilised. A follow up
study investigating the brain MRI of the same patients across
different periods of time from injury may address the
macroscopic brain modification of the nmTBI and its possi-
ble correlation with behaviour. Moreover, it has to be stated
that although corpus callosum and fornix may represent
some indicators of the non-specific nature of brain injury,
there may be focal white matter lesions—that is, undetected
white matter pathology, disseminated in the brain of the
severe nmTBI patients that may be locally disruptive to
function. (¢)The assumption of a close relationship bet-
ween memory deficit and damage in a single neural
structure inpatients with nmTBI is likely to be an over-
simplification. The diffuse nature of the brain damage in
these patients probably affects the neural circuitry implicated
in information processing, memory storage and retrieval at
multiple levels, thus resulting in a complex and multi-
variate relationship between brain lesion/s and memory
performance.

In conclusion, the present study demonstrated that a
volume reduction in hippocampus, fornix, and corpus
callosum is detectable in nmTBI, even when no detectable
macroscopic lesions are observed. Improved morphological
investigation of the corpus callosum and the hippocampus
can be obtained by using the particular MRI brain orienta-
tions suggested in the present study, but quantitative group
measures are needed to ensure a correct estimation of volume
reduction in these structures. The duration of the coma is
predictive of the corpus callosum volume and thus of the
overall white matter damage. Finally, of the several measures
of memory test performance examined, only a few correlated
with volumetric reduction. We believe that the lack of
correlation may reflect the diffuse nature of the damage
and/or progressive neuronal loss happening a considerable
period of time after injury. To address the macroscopic brain
modification of the nmTBI and the possible correlation with
behaviour, a follow up study investigating the nmTBI brain of
the same subject across different periods of time from injury
is needed. The volumetric measures obtained while the
neural loss is still in progress should provide better

information about the anatomical and behavioural modifica-
tions of this likely progressive brain pathology.
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