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Purpose: To analyze white matter pathologic abnormalities by using 
diffusion-tensor (DT) imaging in a multicenter prospective 
cohort of comatose patients following cardiac arrest or 
traumatic brain injury (TBI).

Materials and 
Methods:

Institutional review board approval and informed consent 
from proxies and control subjects were obtained. DT im-
aging was performed 5–57 days after insult in 49 cardiac 
arrest and 40 TBI patients. To control for DT imaging–
processing variability, patients’ values were normalized 
to those of 111 control subjects. Automated segmenta-
tion software calculated normalized axial diffusivity (l1) 
and radial diffusivity (l⊥) in 19 predefined white matter 
regions of interest (ROIs). DT imaging variables were 
compared by using general linear modeling, and side-
to-side Pearson correlation coefficients were calculated.  
P values were corrected for multiple testing (Bonferroni).

Results: In central white matter, l1 differed from that in control 
subjects in six of seven TBI ROIs and five of seven cardiac 
arrest ROIs (all P , .01). The l⊥ differed from that in 
control subjects in all ROIs in both patient groups (P , 
.01). In hemispheres, l1 was decreased compared with 
that in control subjects in three of 12 TBI ROIs (P , .05) 
and nine of 12 cardiac arrest ROIs (P , .01). The l⊥ was 
increased in all TBI ROIs (P , .01) and in seven of 12 
cardiac arrest ROIs (P , .05). Cerebral hemisphere l1 
was lower in cardiac arrest than in TBI in six of 12 ROIs 
(P , .01), while l⊥ was higher in TBI than in cardiac ar-
rest in eight of 12 ROIs (P , .01). Diffusivity values were 
symmetrically distributed in cardiac arrest (P , .001 for 
side-to-side correlation) but not in TBI patients.

Conclusion: DT imaging findings are consistent with the known pre-
dominance of cerebral hemisphere axonal injury in car-
diac arrest and chiefly central myelin injury in TBI. This 
consistency supports the validity of DT imaging for differ-
entiating axon and myelin damage in vivo in humans.
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cohort of patients with impaired con-
sciousness following cardiac arrest or  
TBI.

Materials and Methods

The institutional review boards of the 
participating institutions approved 
this prospective study. All patients’ 
next of kin and healthy control sub-
jects gave informed consent. The pa-
tients and healthy control subjects 
were recruited during a study on the 
relevance of DT imaging biomarkers 
in the prediction of recovery of con-
sciousness in patients after cardiac 
arrest and after TBI. In that study, 
the researchers used the same inclu-
sion and exclusion criteria, the same 
clinical data and the same methods of 
magnetic resonance (MR) imaging ac-
quisition and MR imaging analysis as 
were used in the present study. The 
study on the relevance of DT imaging 
biomarkers in the prediction of recov-
ery of consciousness led to two arti-
cles, one for cardiac arrest (16) and 
the other for TBI (17), and the design 
is reported in more detail in those 
two previous articles (16,17). Two au-
thors (V.P., a computer scientist with 
10 years of experience, and D.G., a 

to diffuse axonal injury mostly in the 
central structures such as the brain-
stem and corpus callosum, often asso-
ciated with contusions in the cerebral 
hemispheres (1). In cardiac arrest, 
the areas most vulnerable to damage 
are the watershed areas of the cere-
bral hemispheres (2–4).

Diffusion-tensor (DT) imaging pro-
vides information not only on lesion 
localization but also on the nature of 
white matter damage. The DT imag-
ing parameter axial diffusivity (l1) 
depends chiefly on the diffusibility of 
water molecules parallel to a tract, 
whereas radial diffusivity (l⊥) as-
sesses water diffusion perpendicular 
to the tract (5). Thus, changes in l1 
are thought to be associated primar-
ily with axonal damage, while changes 
in l⊥ are thought to relate to myelin 
injury (6–8). These parameters pro-
vide greater anatomic and functional 
information than scalar DT imaging 
parameters such as fractional anisot-
ropy and the apparent diffusion coeffi-
cient (6,9–13), which have been more 
extensively evaluated than l1 and l⊥. 
These constructs have been validated 
in animal models (6–8,14,15). Their 
meaning in humans has been less 
studied.

We hypothesized that the differ-
ent pathophysiologic events occurring 
in the subacute phase after cardiac 
arrest and TBI have different effects 
on l1 and l⊥. The purpose of this 
study was to analyze the anatomic 
distribution of white matter patho-
logic abnormalities by using DT im-
aging in a multicenter prospective 

Cardiac arrest and traumatic 
brain injury (TBI) may lead to 
similar clinical presentations 

that include prolonged impaired con-
sciousness, even though these two 
types of insult have vastly different 
pathophysiologic mechanisms. These 
differences are reflected in the spa-
tial distribution of abnormalities 
over the brain. In TBI, shearing and 
acceleration-deceleration forces lead 

Implications for Patient Care

 n Our findings help physicians 
understand the mechanisms un-
derlying chronic consciousness 
impairments after TBI and car-
diac arrest.

 n Our findings encourage physicians 
who interpret DT imaging studies 
to take into account not only 
scalar variables such as fractional 
anisotropy and apparent diffusion 
coefficient but also vector vari-
ables such as l1 and l⊥.

Advances in Knowledge

 n In cardiac arrest, the predomi-
nant finding at diffusion-tensor 
(DT) imaging is a marked 
decrease in axial diffusivity (l1) 
(28.9% in central regions, 
29.1% in cerebral hemispheres), 
whereas in traumatic brain injury 
(TBI), the predominant finding is 
a marked increase in radial diffu-
sivity (l⊥) (37.5% in central 
regions, 24.9% in cerebral 
hemispheres).

 n The central brain structures show 
lower l1 and higher l⊥ values in 
TBI than in cardiac arrest (car-
diac arrest vs TBI, P , .01 for l1 
in the lower brainstem region 
and for l⊥ in the cerebral pedun-
cles region and corpus callosum 
region); in the cerebral hemi-
spheres regions, l1 and l⊥ are 
highly abnormal in both cardiac 
arrest and TBI, with the lowest 
l1 values occurring in cardiac 
arrest (cardiac arrest vs TBI, 
29.1% vs 20.1%; P , .01) and 
the highest l⊥ values in TBI (TBI 
vs cardiac arrest, 24.9% vs 
9.7%; P , .01).

 n The known predominance of left-
sided damage in TBI patients 
with poor clinical outcomes is 
attributable to left-sided predom-
inance of l⊥ abnormalities and, 
to a lesser extent, l1 abnormal-
ities (P . .05 for side-to-side 
correlations in five of six ROIs 
for l⊥ and in three of six ROIs 
for l1); this finding suggests 
greater asymmetry of edema 
and/or myelin damage than of 
axonal damage in TBI.
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and secondarily cardiac (cardiac ar-
rest resulting from disease outside the 
heart [eg, severe hypoxia or hyper-
kalemia]) in 10 of 49 patients (20%). 
The mean duration of no flow before 
cardiopulmonary resuscitation was 5 
minutes (interquartile range, 0–10 mi-
nutes). It took a median of 20 minutes 
(interquartile range, 10–36 minutes) for 
the circulation to become fully effective 
under cardiopulmonary resuscitation. 

55 patients with TBI (73%) with suf-
ficient quality normalized DT imaging 
data. Demographic and clinical char-
acteristics of the patients are summa-
rized in Table 1.

Cardiac Arrest
The cause of the cardiac arrest was 
primarily cardiac (cardiac arrest origi-
nating in the heart [eg, myocardial in-
farction]) in 39 of 49 patients (80%) 

neuroradiologist with 15 years of ex-
perience) processed the DT imaging 
acquisitions. They had no access to 
the clinical information and outcome 
of the patients.

Patients
Consecutive patients were enrolled 
prospectively in eight intensive care 
units in Paris, Lille, Lyon, Montpel-
lier, Nancy, Rouen, and Bordeaux 
in France and in Liège in Belgium 
following cardiac arrest or TBI be-
tween October 2006 and February 
2010. Patients were eligible if they (a) 
were between 18 and 85 years old, 
and (b) had severe brain damage, as 
expressed by (i) inability to follow 
simple commands 7–28 days after the 
incident, unexplained by sedation, 
and (ii) a Glasgow Outcome Scale 
(18) score of 1 or 2 at 12 months af-
ter the injury or a Glasgow Outcome 
Scale score of 3 that was explained by 
cognitive and not purely physical im-
pairment. On the basis of these inclu-
sion criteria, 57 patients with cardiac 
arrest and 55 patients with TBI were 
eligible. Patients were excluded if they 
(a) had a central neurologic disease 
prior to cardiac arrest or TBI (n = 2); 
(b) had a penetrating head injury (n = 
1); (c) were moribund (expected sur-
vival of , 24 hours) (n = 0); (d) had 
a contraindication to MR imaging (n 
= 4); or (e) were too unstable to be 
transported and to undergo MR imag-
ing (n = 0). On the basis of their el-
igibility, we enrolled 54 patients with 
cardiac arrest and 51 patients with 
TBI. Of these, the MR imaging data in 
five patients with cardiac arrest and 
in 11 patients with TBI could not be 
evaluated because of a suboptimal MR 
imaging acquisition, as a result of mo-
tion (four cardiac arrest patients, five 
TBI patients), other artifacts (zero 
cardiac arrest patients, one TBI pa-
tient), or deviation in the MR imaging 
protocol (one cardiac arrest patient, 
one TBI patient), or because an in-
sufficient number of healthy control 
subjects were imaged (zero cardiac 
arrest patients, four TBI patients). Fi-
nally, we included 49 of 57 patients 
with cardiac arrest (86%) and 40 of 

Table 1

Demographics and Clinical Characteristics of the Patients

Variable TBI Patients (n =40) Cardiac Arrest Patients (n = 49)

Sex*
 Male 32 (80) 32 (65)
 Female 8 (20) 17 (35)
Age (y)† 36 (19–76) 54 (19–85)
 Male 36 (19–75) 55 (19–85)
 Female 37 (19–76) 47 (20–77)
Site of patient recruitment‡

 Paris, France 9 (23) 44 (90)
 Liège, Belgium 2 (5) 4 (8)
 Lyon, France 3 (8) 0
 Montpellier, France 7 (18) 0
 Nancy, France 7 (18) 0
 Rouen, France 5 (13) 0
 Bordeaux, France 7 (18) 1 (2)
At arrival of the emergency team
 GCS score§ 4 (3–7) 3 (3–15)
 Hypotension|| 2 (5) 17 (35)
 Hypoxemia# 14 (35) 19 (39)
At hospital admission
 Pupillary reflex absent on one or both sides** 13 (33) 6 (12)
Time from insult to MR imaging (d)† 22 (7–57) 11 (5–47)
GOS 12 mo after injury‡

 Score 1 21 (53) 42 (86)
 Score 2 5 (13) 5 (10)
 Score 3 14 (35) 2 (4)

Note.—GCS = Glasgow Coma Scale, GOS = Glasgow Outcome Scale. The site of patient recruitment at Lille, France, was a 

recruiting center, but all of the patients there had a favorable clinical outcome (GOS > 3 or GOS of 3 explained by physical 

impairment only). Therefore, none of the patients at that center were included in our analyses.

* Data are numbers of patients, and numbers in parentheses are percentages.
† Data are medians, and numbers in parentheses are ranges. P , .001 for differences between TBI patients and cardiac arrest 
patients.
‡ Data are numbers of patients, and numbers in parentheses are percentages. P , .001 for differences between TBI patients 
and cardiac arrest patients.
§ Data are medians, and numbers in parentheses are ranges.
|| Hypotension was defined as systolic blood pressure less than 90 mm Hg. Data are numbers of patients, and numbers in 
parentheses are percentages. P , .01 for differences between TBI patients and cardiac arrest patients.
# Hypoxemia was defined as oxygen saturation of blood of less than 90%. Data are numbers of patients, and numbers in 
parentheses are percentages.

** Data are numbers of patients, and numbers in parentheses are percentages. P , .05 for differences between TBI patients and 
cardiac arrest patients.
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MR Imaging Analysis
The pre- and postprocessing of the DT 
imaging data are described in Appendix 
E1 (online). This process uses nonlin-
ear registration of l1 and l⊥ maps into 
a standard space, as implemented in 
software (FLIRT/FNIRT procedures; 
FSL Software Technologies, New Delhi, 
India). The averaged l1 and l⊥ values 
were then extracted in 19 predefined 
white matter regions of interest (ROIs) 
(Fig 1), which were selected from the 
white matter atlas (20). To account 
for intercenter and intersequence var-
iability, these values were normalized 
to values of healthy control subjects by 
scaling each value of a patient to the 
mean of the corresponding parameter 
calculated from the healthy control sub-
jects who underwent imaging by using 
the same acquisition parameters in the 
same center, as previously described 
(16,17). We tested the effects of three 
factors (acquisition/center, ROIs, 
groups) on the mean of the regional 
fractional anisotropy calculated in the 
patients and control subjects by using 
a three-way analysis of variance. The 
results showed that, before normaliza-
tion, the three factors were significant 
(P , .05), and after normalization, only 
the group effect significantly explained 
the data variability. We did not adjust 
for the center-specific standard devi-
ation. The intrasite coefficient of var-
iation (ratio of the standard deviation 
and the mean) ranged from 2% (within 
the splenium of the corpus callosum) 
to 10% (within the body of the corpus 
callosum) with homogeneous variance 
across centers (Bartlett test). For ex-
plorative analyses, the 19 ROIs were 
gathered into five groups: lower brain-
stem region, cerebral peduncles region, 
corpus callosum region, right hemi-
sphere, and left hemisphere (Fig 1). 
The statistical analyses of raw MR data 
were performed by a computer scientist 
(V.P., with 10 years of experience) and 
a mathematician (H.B., with 30 years of 
experience). Image analysis and quality 
control of MR images were performed 
by two neuroradiologists (D.G., with 15 
years of experience, and E.T., with 10 
years of experience). Data consistency 
and data integrity were checked by an 

with abnormalities in the morphologic 
sequences, as occurred in two individ-
uals (two of 113, 2%): one with mild at-
rophy and another with asymptomatic 
white matter disease.

Clinical Data Collection
Data were prospectively collected by us-
ing standardized case report forms and 
a Web-based, encrypted, and centrally 
managed data management system. 
Specific data included the following: 
patient demographics; initial clinical 
status and cranial CT scan; and 1-year 
outcome, including the Glasgow Out-
come Scale score on a five-point scale 
(18) and cognitive and physical impair-
ment as assessed by the investigating 
team at each participating center via a 
telephone interview or via an in-person 
visit. A central study monitor verified 
all data for accuracy, consistency, and 
completeness.

MR Imaging Acquisition
MR imaging was performed after en-
rollment and as soon as MR imaging 
was clinically feasible, which was a 
mean of 23.2 days 6 1.7 (range, 7–57 
days) after TBI and a mean of 13.1 days 
6 1.2 (range, 5–47 days) after cardiac 
arrest. Vital signs were continuously 
monitored during imaging. Sedation, 
if any, was maintained. MR imaging 
was performed in eight centers using 
nine imaging units from three manufac-
turers (Siemens [Erlangen, Germany], 
GE Healthcare [Milwaukee, Wis], and 
Philips Healthcare [Eindhoven, the 
Netherlands]) and included units with 
both 1.5- and 3.0-T magnetic field 
strength. The imaging protocol has 
been described in previous publications 
(16,17). The DT imaging acquisition 
parameters were optimized for each 
MR unit, with minimal specifications 
of a pixel size of at most 3 3 3 3 3 
mm, a B value of 1000 mT/m, and at 
least 12 gradient directions. The clini-
cal team did not have access to the DT 
imaging results, while the investigators 
processing the DT imaging acquisitions 
(V.P. and D.G.) had no access to the 
clinical information and outcome of the 
patients. No adverse events related to 
MR imaging were reported.

Hypothermia was induced in 29 of 49 
patients (59%). At admission, the mean 
serum troponin I level was 0.48 ng/mL 
(0.48 mg/L), with an interquartile range 
of 0.1–4.4 ng/mL (0.1–4.4 mg/L).

Traumatic Brain Injury
TBI was caused by a motor vehicle 
accident in 26 of 40 cases (65%) (20 
drivers or passengers [50%] and six 
pedestrians [15%]), by a fall in nine 
of 40 cases (23%), and by another 
mechanism in five of 40 cases (13%). 
On a computed tomography (CT) scan 
obtained within 48 hours of the TBI, 
six of 40 TBI patients (15%) had an 
epidural hematoma, 14 of 40 patients 
(35%) had a subdural hematoma, 34 
of 40 patients (85%) had a subarach-
noid hemorrhage, 27 of 40 patients 
(68%) had one or more contusions, 
and nine of 40 patients (23%) had a 
midline shift larger than 6 mm. None 
of the TBI patients had signs of is-
chemia on this early CT scan. Of 40 
patients, 18 (45%) had a Marshall 
classification diffuse injury I–II, five 
(13%) had a Marshall classification 
diffuse injury III, one (3%) had a Mar-
shall classification diffuse injury IV, 
and 15 (38%) had a mass lesion (eight 
patients had an evacuated mass lesion 
and seven patients had a nonevacuated 
mass lesion) (19). Fourteen of 40 TBI 
patients (35%) underwent a neurosur-
gical intervention.

Healthy Control Subjects
To control for multisite variability in DT 
imaging data, in each center we com-
pared the patients’ DT imaging values 
with those of a total of 111 healthy vol-
unteers, with four to 51 control subjects 
per center; 60 of 111 (54%) were men 
and 51 (46%) were women (mean age, 
33 years 6 3 [standard deviation]).  
These control subjects underwent MR 
imaging with the same acquisition pa-
rameters as the patients. Volunteers 
were recruited by the local principal in-
vestigator among staff members of each 
center. They gave written informed 
consent to study participation. Indi-
viduals with no history of neurologic 
disease requiring medical attention 
were eligible. We excluded volunteers 
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anesthesiologist (L.P., with 20 years of 
experience).

Statistical Analysis
Data were analyzed by using statisti-
cal software (StatView 5.0, SAS Insti-
tute, Cary, NC; and SPSS 18, SPSS, 
Chicago, Ill). Values are expressed as 
means and standard errors of the mean 
unless otherwise stated. Differences in 
demographic and clinical variables were 
tested by using the Student t test and 
the x2 test, as appropriate. DT imag-
ing variables had normal distribution 
(according to the Kolmogorov-Smirnov 
test); therefore, we used parametric 
tests. We used the method of general 
linear modeling (analysis of variance 
with Bonferroni post hoc) for within- 
and between-group comparison of DT 
imaging variables in healthy control 
subjects, TBI patients, and cardiac 
arrest patients. Multivariate analyses 
were performed to evaluate the results 
after adjustment for age and sex. The 
interaction between variables was also 
assessed. We calculated Pearson corre-
lation coefficients between the DT im-
aging parameters in each left-sided ROI 
and the corresponding right-sided ROI. 
P values were corrected for multiple 
testing by multiplication of the P values 
by the number of tested hypotheses; for 
example, P values were multiplied by 19 
when we compared DT imaging values 
among the groups in the 19 ROIs (Bon-
ferroni method). Throughout the arti-
cle, we present the corrected P values. 
A difference with a corrected value of P 
, .05 was considered significant.

Results

The l1 and l⊥ values in various brain 
regions of patients and healthy control 
subjects are illustrated in Figures 2–5.

l1 and l⊥ in Patients versus Healthy 
Control Subjects
The l1 and l⊥ in the anterior brainstem 
and l⊥ in the posterior brainstem were 
higher in cardiac arrest patients than 
in control subjects (all P , .01). The l1 
was lower in the posterior brainstem, 
and l⊥ was higher in the posterior 
brainstem and in the anterior brainstem 

Figure 1

Figure 1: Automatically segmented white matter ROIs for measurement of DT imaging 
parameters. The background images are the FMRIB58–fractional anisotropy standard space im-
ages provided in FSL. The ROIs defined by Mori et al (20) are color coded and superimposed on 
these background fractional anisotropy images. For explorative analyses, the color-coded ROIs 
in the anterior and posterior brainstem were collapsed into a single lower brainstem region; the 
ROIs in the cerebral peduncles were collapsed into a single cerebral peduncles region; the ROIs 
in the genu, splenium, and body of the corpus callosum were collapsed into a single corpus 
callosum region; and the ROIs in the paired anterior and posterior limbs of the internal capsule, 
sagittal stratum, superior longitudinal fasciculus, external capsule, and corona radiata were 
collapsed into right hemisphere and left hemisphere regions.
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Figure 2

Figure 2: Normalized values of l
1
 and l⊥ in the lower brainstem region of patients and healthy control subjects. Box plots show the 

median (middle horizontal line in each box), interquartile range (25th [bottom of box] to 75th [top of box] quartiles), and the minimum 
(bottom of whisker) and maximum (top of whisker) values. Asterisks = P values for within- and between-group comparisons. When the 
combined ROIs were compared, P values with significant differences were as follows: For l

1
, TBI versus cardiac arrest patients, P , 

.01; for l
1
 and l⊥, TBI versus healthy control subjects and cardiac arrest patients versus healthy control subjects, P , .01. There were 

no significant interactions between the anterior and posterior brainstem. ∗ = P , .05, ∗∗ = P , .01, NS = not significant.

Figure 3

Figure 3: Normalized values of l
1
 and l⊥ in the cerebral peduncles region of patients and healthy control subjects. Box plots show 

the median (middle horizontal line in each box), interquartile range (25th [bottom of box] to 75th [top of box] quartiles), and the minimum 
(bottom of whisker) and maximum (top of whisker) values. Asterisks = P values for within- and between-group comparisons. When the 
combined ROIs were compared, P values with significant differences were as follows: For l⊥, TBI versus cardiac arrest patients, P , .01; 
for l

1
 and l⊥, TBI patients versus healthy control subjects and cardiac arrest patients versus healthy control subjects, P , .01. There were 

no significant interactions between the left and the right cerebral peduncles. ∗∗ = P , .01, NS = not significant.
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Figure 4

Figure 4: Normalized values of l
1
 and l⊥ in the corpus callosum region of patients after TBI, of patients after cardiac arrest, and 

of healthy control subjects. Box plots show the median (middle horizontal line in each box), interquartile range (25th [bottom of box] 
to 75th [top of box] quartiles), and the minimum (bottom of whisker) and maximum (top of whisker) values. Asterisks = P values for 
within- and between-group comparisons. When the combined ROIs were compared, P values with significant differences were as 
follows: For l⊥, TBI versus cardiac arrest patients, P , .01; for l

1
 and l⊥, TBI patient versus healthy control subjects and cardiac 

arrest patients versus healthy control subjects, P , .01. For interaction between the splenium, body, and genu for l
1
, P , .05, and 

for l⊥, P , .01. ∗∗ = P , .01, NS = not significant.

in TBI patients compared with control 
subjects (all P , .01) (Fig 2). The l1 
was lower (P , .05) and l⊥ was higher 
(P , .05) in TBI patients and cardiac 
arrest patients than in control subjects 
in the left and right cerebral pedun-
cles, body, genu, and splenium of the 
corpus callosum (except for l1 in the 
genu) (Figs 3, 4). Thus, in central white 
matter, l1 differed from that in control 
subjects in six of seven TBI ROIs and 
five of seven cardiac arrest ROIs (all 
P , .01). The l⊥ differed from that in 
control subjects in all ROIs in both pa-
tient groups (P , .01) (Figs 2–4). For 
the various ROIs in the cerebral hemi-
spheres, Figure 5 shows the compari-
son of l1 and l⊥ in patients versus in 
control subjects. Thus, in hemispheres, 
l1 was decreased compared with that 
in control subjects in three of 12 TBI 
ROIs (P , .05) and nine of 12 cardiac 
arrest ROIs (P , .01). The l⊥ was in-
creased in all TBI ROIs (P , .01) and 
in seven of 12 cardiac arrest ROIs (P , 

.05). Cerebral hemisphere l1 was lower 
in cardiac arrest than in TBI in six of 12 
ROIs (P , .01), while l⊥ was higher in 
TBI than in cardiac arrest in eight of 12 
ROIs (P , .01).

l1 and l⊥ in Cardiac Arrest versus TBI 
Patients
The major findings for the difference 
in l1 and l⊥ between TBI and cardiac 
arrest patients are reported in Figures 
2–5. Table 2 presents the type and 
distribution of abnormalities in central 
regions (anterior and posterior brain-
stem, left and right cerebral pedun-
cles, genu, body, and splenium of the 
corpus callosum) and in cerebral hemi-
spheric regions (left and right sagittal 
strata, superior longitudinal fasciculus, 
anterior and posterior limb of internal 
capsule, external capsule, and corona 
radiata). In both central regions and ce-
rebral hemispheres, l⊥ was higher (P , 
.05) in TBI patients than in cardiac ar-
rest patients. In cerebral hemispheres, 

l1 was lower (P , .05) in cardiac arrest 
patients than in TBI patients.

The differences presented in Fig-
ures 2–4 remained significant after ad-
justment for age and sex.

l1 and l⊥ in the Left versus the Right 
Cerebral Hemisphere
Figure 5 shows a symmetrical pattern 
of DT imaging changes in the ROIs in 
the corresponding right and left hemi-
spheres in patients with cardiac arrest 
and in control subjects. Indeed, there 
was a significant intercorrelation be-
tween DT imaging values of the ROIs 
in the corresponding right and left 
hemispheres in cardiac arrest patients 
(ranging from r = 0.81 in the external 
capsule to r = 0.99 in the corona ra-
diata for l1 and from r = 0.73 in the 
external capsule to r = 0.99 in the co-
rona radiata for l⊥; P , .001) and in 
control subjects (ranging from r = 0.73 
in the sagittal stratum to r = 0.84 in 
the anterior limb of the internal capsule 
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from anoxic ischemia. Primary axonal 
damage induces changes in the fluid mi-
croenvironment of the central nervous 
system, to which in turn myelin is sus-
ceptible (21–24). The moderate l⊥ in-
creases in our cardiac arrest patients 
are consistent with such secondary 
myelin damage (25). Conversely, the 
marked l⊥ increase in many areas of 
TBI patients suggests myelin damage, 
edema, and/or macrophage infiltration 
as the primary injury. The mechani-
cal forces exerted on the brain in TBI 
probably cause more myelin damage 
than axonal damage. The smaller l1 
decrease in TBI patients is consistent 
with axonal damage, caused either 
by direct trauma (axonotmesis) or by 
indirect ischemic damage secondary 
to extracranial traumatic injuries. In 
a later phase, brain swelling and in-
creased intracranial pressure may fur-
ther contribute to the axonal damage. 
In cardiac arrest, there is a gradient of 
injury severity from the cerebral hemi-
spheres toward the medulla oblongata, 
with relative sparing of the central 
brain structures (26). The vascular 
anatomy in the cerebral hemispheres, 

for l1 and from r = 0.75 in the exter-
nal capsule to r = 0.93 in the corona 
radiata for l⊥; P , .001; values close 
to one represent symmetry between DT 
imaging values in the ROIs in the cor-
responding left and right hemispheres). 
In TBI patients, this symmetrical pat-
tern of DT imaging changes was not 
seen for most ROIs (Table 3).

Discussion

This article shows that DT imaging can 
help distinguish the different patho-
physiologic mechanisms that underly 
similar states of impaired conscious-
ness following TBI and cardiac arrest.

Our main findings are a marked 
decrease in l1 in cardiac arrest pa-
tients and a marked increase in l⊥ in 
TBI patients. These findings are con-
sistent with reported pathophysiologic 
concepts, a fact that supports the va-
lidity of DT imaging to help distinguish 
axonal and myelin damage in vivo in 
groups of patients. Thus, in cardiac ar-
rest, the marked decrease in l1 is con-
sistent with primary axonal damage 
(6,10–13) related to energy depletion 

Table 2

Types and Distribution of 
Abnormalities in TBI and Cardiac 
Arrest Patients

Diffusivity and 
Pathologic Finding

Central  
Regions*

Cerebral  
Hemispheres†

l1

 Cardiac arrest 28.9 6 12.1 29.1 6 14.7
 TBI 29.4 6 7.0 20.1 6 9.9
l⊥

 Cardiac arrest 20.2 6 23.1 9.7 6 20.7
 TBI 37.5 6 20.4 24.9 6 16.8

Note.—Data are the mean percentage increases or 
decreases of the patients’ values as compared with 
those of the healthy control subjects 6 standard 
deviations. The denominator of each percentage is, per 
definition, 1.0, which is the mean relative l1 or l⊥ in the 
discussed region in healthy control subjects. P values 
were less than .01 for comparison of l1 or l⊥ between 
cardiac arrest and TBI patients for central regions and 
cerebral hemispheres, but the P value of .53 was not 
significant for comparison of l1 between cardiac arrest 
and TBI patients for the central regions.

* The central regions represent the anterior and posterior 
brainstem, the left and right cerebral peduncles, the genu, 
the body, and the splenium of the corpus callosum.
† The cerebral hemispheres represent the left and right 
sagittal strata, the superior longitudinal fasciculus, the 
anterior and posterior limb of the internal capsule, the 
external capsule, and the corona radiata.

Figure 5

Figure 5: Normalized values of l
1
 and l⊥ in the cerebral hemispheres of patients and healthy control subjects. The right hemisphere is at 

left, and the left hemisphere is at right. Asterisks = P values for within- and between-group comparisons. Symbols in each line = mean for each 
member of the group indicated; error bars = standard errors of the mean. For interaction between the ROIs in the right hemisphere for both l

1
 

and l⊥, P , .01; for interaction between the ROIs in the left hemisphere for l
1
, P , .01. Notice the symmetrical pattern of involvement for l

1
 

in TBI and cardiac arrest patients and for l⊥ in cardiac arrest patients, while the pattern of involvement for l⊥ in TBI patients is asymmetric. ∗ = 
P , .05, ∗∗ = P , .01, ALIC = anterior limb of internal capsule, CA = cardiac arrest, CR = corona radiata, Ctrl = healthy control subject, EC = 
external capsule, NS = not significant, PLIC = posterior limb of internal capsule, SLF = superior longitudinal fasciculus, SS = sagittal stratum.
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comparative study at a later postinju-
ry phase of Newcombe et al (40). Al-
though an overall l1 decrease was our 
main finding in cardiac arrest patients, 
l1 in the lower brainstem and cerebral 
peduncles regions showed larger de-
creases in TBI than in cardiac arrest. 
Similarly, in a study of 30 patients with 
severe TBI evaluated 8 weeks after 
trauma, l1 was decreased and l⊥ was 
increased in the deep brain regions 
and brainstem (31,41). Whereas we 
found large differences in the cerebral 
hemispheres between cardiac arrest 
and TBI, Newcombe et al (40) found 
broadly similar DT imaging abnormal-
ities in TBI and ischemic-hypoxic brain 
injury. This discrepancy is ascribable 
to differences in patient populations 
and MR imaging timing, as well as to 
the relatively small number of patients 
studied by Newcombe et al.

Our study had several limitations. 
As was inevitable with a multicen-
ter design, the DT imaging data were 
acquired with different MR imaging 
machines. We corrected for this source 
of variability by normalizing the patient 
values to values in healthy control sub-
jects who underwent imaging with the 
same parameters on the same machine. 
Because of the epidemiology of TBI and 
cardiac arrest, our TBI patients were 
younger and cardiac arrest patients 
had higher mortality rates. Differences 
in treatment-limitation decisions be-
tween the two patient groups cannot be 
ruled out. We followed up the patients 
for 1 year. Although improvements are 
unlikely to occur beyond this period, 
some degree of conformation bias can-
not be ruled out. In both cardiac arrest 
and TBI, neurologic injury and recovery 
is a dynamic process. Therefore, our 
findings are only valid within the stud-
ied time (ie, the early subacute phase 
[42]). In TBI, the spatial distribution 
varies across patients as a result of var-
iations in the direction of the impact on 
the head. That highly significant results 
were found in our study despite this 
inevitable source of heterogenity sup-
ports the general applicability of our 
findings.

Our results should be tested in fu-
ture research evaluating the robustness 

of symmetric systemic processes and 
asymmetric local processes.

Our finding of greater l⊥ as com-
pared with l1 alterations in TBI patients 
is consistent with DT imaging findings 
in the key experimental mouse model of 
brain injury by Mac Donald et al (10). 
The researchers in all previous descrip-
tive DT imaging studies in humans at 
the early subacute phase of TBI eval-
uated a later or longer time window 
than we did in our study (31–36), in-
cluded patients with milder brain injury 
(33,36–38), and/or did not specify sep-
arate diffusivity parameters in various 
ROIs (33,35,36,38,39). As intuitively 
expected, l⊥ values and therefore my-
elin damage played a larger role than 
l1 in a recent DT imaging–based and 
clinically based prognostic model in 
severe TBI (17). To our knowledge, no 
previous descriptive DT imaging studies 
in human cardiac arrest patients have 
been published.

To our knowledge, investigators 
in only one previous study (40) have 
compared the use of DT imaging in 
cardiac arrest patients versus TBI pa-
tients. Our finding of greater severity 
of central brain structure injury in TBI 
patients versus cardiac arrest patients 
is consistent with the findings in the 

characterized by widespread linear 
arterioles with few anastomoses, in-
creases the vulnerability of the hemi-
spheric white matter to hypoxic-isch-
emic injury (27–29). Conversely, in 
TBI patients, l⊥ was highly abnormal 
in both the central brain structures and 
the cerebral hemispheres. This finding 
is consistent with the distribution of 
diffuse axonal injury observed in the 
classic monkey model of axial trauma 
caused by rotational and acceleration-
deceleration shearing forces (30). The 
l⊥ increase and, to a lesser extent, the 
l1 decrease were asymmetric, being 
more pronounced in the left cerebral 
hemisphere of our TBI patients. This 
predominance of left-sided abnormal-
ities in TBI patients with poor clinical 
outcomes was expected, as left-sided 
lesions are more frequently symptom-
atic. The asymmetry was attributable 
to a left predominance of l⊥ abnor-
malities and, to a lesser extent, l1 ab-
normalities, suggesting greater asym-
metry of edema and/or myelin damage 
than of axonal damage. This finding 
supports the hypothesis that edema 
and myelin damage are chiefly related 
to the mechanical trauma, which is 
an asymmetric assault, whereas axo-
nal damage may be a combined effect 

Table 3

Intercorrelations between DT Imaging Values in Corresponding ROIs in the Left and 
Right Hemispheres

Group and Parameter EC ALIC PLIC CR SS SLF

Control subjects*
 l1 0.76 0.84 0.80 0.81 0.73 0.81
 l⊥ 0.75 0.79 0.86 0.93 0.91 0.89
Cardiac arrest patients*
 l1 0.81 0.93 0.97 0.99 0.97 0.98
 l⊥ 0.73 0.80 0.93 0.99 0.98 0.98
TBI patients
 l1 0.48† 0.11 0.51‡ 0.42† 0.24 0.33
 l⊥ 0.31 0 0.60* 0.15 0.21 0

Note.—The data in the table are the correlation coefficients between DT imaging values of the right and left hemispheres in the 
various ROIs; for example, 0.76 is the correlation coefficient between l1 values in the right and left external capsules in healthy 
control subjects. Values close to one indicate side-to-side symmetry in DT imaging values. ALIC = anterior limb of internal 
capsule, CR = corona radiata, EC = external capsule, PLIC = posterior limb of internal capsule, SLF = superior longitudinal 
fasciculus, SS = sagittal stratum.

* P , .001.
† P , .05.
‡ P , .01.
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