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Abstract

Background: The aim of this study was to evaluate the relative 
and combined impact of computed tomography (CT) and Magnetic 
resonance imaging (MRI) on functional outcome one year after 
traumatic brain injury (TBI).

Methods: This study was a prospective, population-based study of 
87 patients with a Glasgow Coma Scale (GCS) score ≤ 12 who 
were injured in 2005 - 2007 and hospitalized at Trauma Referral 
Centre in Eastern Norway. CT performed within 24 h post-injury 
was classified by Marshall classification scale. MRI performed one 
year post-injury was classified based on the presence or absence of 
diffuse axonal injuries (DAIs). The Glasgow Outcome Scale Ex-
tended (GOSE) was used as an outcome measure at the one-year 
follow-up. The predictions models were adjusted for clinical vari-
ables known to affect functional outcome.

Results: Using CT, small lesions (Marshall group 2) were observed 
in 37 (42%) patients. Signs of increased intracranial pressure (Mar-
shall groups 3 - 4) were present in 33 (38%) patients. Using MRI, 
DAI lesions were found in 70% of patients. In the linear regression 
analysis that explored relative impact of CT, CT was a significant 
predictor of GOSE (p < 0.001). In the model exploring combined 
impact of CT and MRI, MRI accounted for a larger proportion of 
variance in GOSE and appears as stronger predictor (p < 0.001) 

than CT (p = 0.08).

Conclusions: The relative impact of CT findings of intracranial le-
sions in the acute settings and one-year MRI findings of DAI on 
functional outcome underscored the importance of using neuroim-
aging techniques when predicting functional outcomes after TBI. 
The better predictive value of MRI suggest that the detailed infor-
mation about pathological brain lesions shown on late MR may 
help clinicians to administer more appropriate rehabilitation treat-
ments to patients who are predicted to have a worse outcome at the 
one-year follow-up.
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Introduction

The neuropathology of traumatic brain injury (TBI) is com-
plex, consisting of both various types and degrees of brain 
damage and structural lesions. Several neuroimaging clas-
sifications are used to classify structural brain lesions within 
TBI research, and most classifications are based on findings 
from acute computed tomography (CT) [1, 2]. CT charac-
terises injuries in a relatively broad set of categories and has 
significant prognostic value with regard to clinical outcome 
[3]. CT remains the modality of choice for the initial assess-
ment in the detection of neurosurgical emergencies, e.g., 
fractures and acute hematomas [4, 5]. The sensitivity of CT 
for detecting brain abnormalities in acute head trauma pa-
tients is between 63 and 73% [6]. However, it shows poor 
sensitivity in detecting abnormalities associated with milder 
brain injuries [7]. The presence, type and volume of intracra-
nial mass lesions are associated with unfavourable outcomes 
after TBI [1, 8].

Magnetic resonance imaging (MRI) plays an important 
role in the diagnostics of post-traumatic intracranial lesions 
in the later phases of TBI [8-10]. MRI has the highest pre-
dictive power for evaluating sub-acute and chronic TBI and 
detecting axonal injuries [11]. Diffuse traumatic axonal in-
jury (DAI) indicates extensive injury to white matter and 
occurs in approximately half of all severe TBI cases [12]. 
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However, even the use of MRI will probably underestimate 
the incidence of DAIs. Newer imaging techniques, such as 
diffusion weighted imaging (DWI) and diffusion tensor im-
aging (DTI) have shown a potential to improve the detection 
of white matter injury in both acute and chronic DAI [13]. 
These methods help clinicians to explain impairments after 
TBI, guide clinical management and predict long-term out-
comes [14, 15].

While publications regarding advances in MRI have in-
creased, a relatively limited number of papers have evaluated 
the relationship between acute and chronic TBI-related brain 
lesions and long-term functional outcome after TBI. Some 
studies show poor correlation between MRI and CT [16], 
while other studies support the relationship between DAI 
and the depths of lesions detected by MRI in cases of unfa-
vourable TBI outcome [14, 17]. Few studies have studied the 
value of MRI in addition to established CT findings, taking 
other prognostic factors such as age and clinical aspects of 
injury severity into account [18, 19]. From a rehabilitation 
perspective, such evaluation will aid the development and 
planning of appropriate rehabilitation strategies for patients 
with more severe functional deficits [3].

The aim of this study was to evaluate the relative and 
combined predictive values of CT and MRI on functional 
outcome one year after a TBI. Based on previous research, 
we expected that MRI would have a better predictive value 
than CT and that less severe brain lesions would equate to 
better functional outcome.

 

Materials and Methods
   

Study design and participants

This prospective cohort study is part of a larger TBI research 
project comprising patients with acute TBI admitted to Oslo 
University Hospital during a two year period from May 2005 
to 2007 [20, 21]. 

The inclusion criteria were age (16 - 55 years); admit-
tance to hospital with ICD-10 diagnoses of intracranial inju-
ries (S06.0 - S06.9) within 24 hours post-injury; moderate-
to-severe TBI as assessed by Glasgow Coma Scale (GCS) 
score (GCS score ≤ 12) before intubation [22]; CT of the 
brain performed within 24 h post-injury and MRI of the brain 
performed one year post-injury. Exclusion criteria were se-
rious co-morbidities that interfered with the assessment of 
TBI-related disabilities such as previous neurological disor-
ders, associated spinal cord injuries, previously diagnosed 
severe psychiatric or substance abuse disorders. 

Of the 147 patients who fulfilled the inclusion criteria, 
27 patients declined to participate, 21 patients died during 
acute care, two patients died during post-acute care, four pa-
tients dropped out of the study before the one-year follow-
up and six patients did not conduct MRI scans because of 

claustrophobia or logistical difficulties. The remaining sam-
ple consisted of 87 patients from whom one year post-injury 
data were collected.

Independent variables: Demographic information was 
collected for the following items: age (continuous), gender 
(male vs. female), education (≤ 12 years vs. > 12 years), 
marital status (married/living together vs. living alone). The 
following injury characteristics were also obtained: cause of 
injury (traffic accidents vs. others), substance use at the time 
of injury (no vs. yes), injury severity: GCS score (continu-
ous), Injury Severity Score (ISS) (continuous), dilated pupils 
(no vs. yes), hypoxia (oxygen saturation ≤ 90%), hypoten-
sion  (mean arterial pressure ≤ 60 mmHg), intracranial pres-
sure measurement (ICP) (no vs. yes), length of acute hospi-
tal stay (days) and CT (Marshall classification). CT findings 
of epidural hematoma (EDH), subdural hematoma (SDH), 
traumatic subarachnoid haemorrhage (tSAH), intraventricu-
lar haemorrhage (IVH) (all no vs. yes), and MRI findings of 
DAI (DAI stages) and findings of cortical, and sub-cortical 
lesions and dilated periventricular space (all no vs. yes) were 
also recorded.

The ISS is an anatomical scoring system that provides 
an overall score for patients with multiple injuries [23]. The 
injuries within each body region are assigned to a 6 point or-
dinal Abbreviated Injury Scale (AIS) [24]. The ISS score is 
calculated as the sum of the squares of the highest AIS score 
in three different body regions, and ranges from 1 to 75. An 
ISS of ≥ 15 is universally accepted as the definition of a ma-
jor trauma patient. The AIS and ISS scores were determined 
from the hospital trauma register [25].

CT head was performed shortly after acute admission, 
and a second CT was obtained within 6 to 24 h post-injury. 
They were taken with slice thickness of 5 to 10 mm in the 
axial plane. Findings from the first and second CT were cate-
gorised according to the diagnostic categories of anatomical 
abnormalities as classified by Marshall et al. [2]. The origi-
nal Marshall classification ranges from 1 to 6, with separate 
categories for any lesion that is surgically evacuated and 
non-evacuated mass lesions. The Marshall scores deduced 
from the “worst” CT scans were used in the final analyses. 
Patients scheduled for surgery were scored as evacuated 
mass lesions [1, 26]. 

MRI was performed with a 1.5 T (Magnetom Sonata 
Siemens, Erlangen, Germany) one year after TBI. The fol-
lowing imaging methods were used: T1-weighted spin-echo 
(SE), T2-weighted turbo SE, T2-weighted gradient echo 
(GRE), fluid-attenuated inversion recovery (FLAIR), in-
version recovery (IR) T1 and diffusion-weighted imaging 
(DWI). Sagittal, transverse and coronal (multiplanar) images 
were obtaining with slice thicknesses varying from 5 to 7 
mm. Scans were interpreted and classified into 1 - 3 stages 
of DAI. DAI stage 1 lesions confined to the lobar white mat-
ter are characterised by microscopic lesions localised at the 
level of the union of the grey and white matter and spare 
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the overlying cortex. At the more severe DAI stage 2, the 
corpus callosum is also involved. In severe DAI (stage 3), 
there are additional focal lesions in the dorsolateral quadrant 
of the rostral brainstem [27]. “Gliding” contusions caused by 
displacement of the grey matter of the cerebral cortex during 
acceleration of the head are often associated with DAI. The 
haemorrhages, which involve the deeper layer of the cortex 
and the convolutional white matter, are a type of shearing 
injury that occurs at the moment of impact [27]. Subcortical 
grey-matter lesions also result from shearing injury and are 

often seen in conjunction with the classical triad of DAI. The 
presence of cortical contusions, subcortical lesions and di-
lated perivascular spaces were therefore noted in this study.

The dependent variable in this study was the Glasgow 
Outcome Scale Extended (GOSE), which was assessed one 
year post-injury [28]. The GOSE divided patients into the 
following outcome categories: 1 = dead, 2 = vegetative state, 
3 = lower severe disability and complete dependence on oth-
ers, 4 = upper severe disability and some dependence on oth-
ers, 5 = lower moderate disability and working at a lower 

Table 1. Pre-analysis of Patients Characteristics (Independent Variables) in Relation to GOSE (Dependent Variable) 
One-year Post-injury (n = 87)

P-values* reported are from the simple regression analysis

Independent variables n (%) GOSE mean (SD) P-value*

Gender: M/F 65 (75)/32 (25) 5.7 (2.0)/ 5.9 (2.3) 0.12

Age at onset (years), mean (range) 31 (16 - 55) 0.27

Marital status (pre-injury)
       Living with a spouse/ Living alone 53 (61)/34 (39) 5.8 (2.1)/5.7 (2.3) 0.51

Education (pre-injury)
       ≤ 12 years / >12 years 48 (52)/39 (45) 5.2 (2.39/6.7 (1.2) 0.22

Cause of injury
       Transport accidents/Others 52 (60)/35 (40) 5.5 (2.2)/6.0 (2.2) 0.14

Substance use at injury time (no/yes) 42 (48)/45 (52) 5.8 (1.8)/6.0 (1.8) 0.85

Severity of injury      
      GCS, mean (SD)
      ISS, mean (SD) 
      Dilated pupils (no/yes) 
      Hypoxemia (oxygen saturation < 90 %), (no/yes)
      Hypotension (mean arterial pressure < 60 mmHg), (no/
yes)
      Intracranial pressure monitoring (ICP), (no/yes)       

           
7.1 (3.3)
31.8 (12.7)
28 (32)/59 (68)
18 (21)/69 (79)
12 (14)/75 (86)

51 (59)/36 /41) 

6.4 (1.0)/5.5 (1.4)
6.3 (1.2)/5.1 (1.4)
6.2 (1.1)/5.2 (1.8)

6.7 (0.8)/5.6 (1.4)

< 0.001
0.001
0.001
< 0.001
0.01

< 0.001

CT head (Marshall score), mean (range)
       Presence of tSAH, (no/yes)
       Presence of EDH, (no/yes)
       Presence of SDH, (no/yes)
       Presence of IVH, (no/yes)

2.6 (0 - 6)
57 (65)/30 (35)
18 (21)/69 (79)
44 (50)/43 (50)
29 (34)/58 (66)

6.0 (1.8) /4.9 (2.3)
5.1 (2.3)/5.8 (2.1)
5.7 (2.1)/4.8 (2.3)
5.7 (2.2)/4.4 (2.2)

< 0.001
0.03
0.25
0.02
< 0.001

Length of acute hospital stay, days median (IQR)  23 (30) < 0.001

MRI findings one year post-injury, DAI mean (range)
       Dilated perivascular space (no/yes)
       Cortical contusions (no/yes)
       Sub-cortical lesions (no/yes)

1.2 (0 - 3)
58 (67)/29 (33)
30 (35)/57 (65)
68 (78)/19 (22)

6.1 (1.4)/6.0 (1.0)
6.2 (1.3)/6.0 (1.3)
6.3 (1.0)/4.9 (1.6)

< 0.001
0.10
0.57
< 0.001
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level of performance, 6 = upper moderate disability and re-
turning to previous work with some adjustments, 7 = lower 
good recovery with minor physical or mental deficits and 8 
= upper good recovery. 

Procedure

Demographic variables and injury-related characteristics in-
cluding CT were collected during the acute hospital admis-
sions. MRI was performed at one-year follow-up. A single 
neuroradiologist (TJ) reviewed the first and second head CT 
and classified findings according to the procedures in Mar-
shall et al. (1992) and MRI according to the DAIs. Patients 
were interviewed and examined (NA) either in the outpatient 
clinic or in the rehabilitation hospital to determine GOSE 
outcome. 

This study was approved by the Regional Committee for 
Medical Research Ethics and the Norwegian Data Inspector-
ate. Written informed consent was obtained from all partici-
pating patients.

Statistical analysis

Statistical analyses were performed using SPSS for Win-
dows, version 16 (SPSS Inc., Chicago, IL). All statistical 
tests were two-sided, and a significance level of 0.01 was 
used because of the number of tests performed. Paramet-
ric statistics (t-tests) were chosen because the variables of 
importance (CT scan findings, MRI findings of DAI and 
GOSE) were normally distributed. Independent variables 

depicting patient characteristics are shown in Table 1. Uni-
variate analyses including simple regression analysis were 
conducted to examine the relationship between the indepen-
dent variables and GOSE outcome. Two multiple regression 
models using stepwise method were built using CT findings 
in the first model and MRI findings in the second model as 
predictors. Our third multiple regression model includes 
both CT and MRI as predictors. All models were adjusted 
for covariates that revealed a significance level of 0.01 in 
the simple regression analyses (see Table 1). The results are 
presented as an adjusted R2, B coefficients and standardised 
Beta (β) values. The expected direction of the standardised 
(β) is theorised to be negative for the CT and MRI findings, 
ISS and length of hospital stay, indicating that less severe 
injury equates to better functioning. Before conducting the 
multiple regression analysis, possible multicollinearities of 
the independent variables were examined using the variance 
inflation factor (VIF). The distribution of the residuals was 
examined for normality, and influential data points were 
examined using Cook’s distance. The length of stay was 
log-transformed when performing linear regression analy-
ses because this variable was skewed. None of the variables 
showed correlations among each other at r > 0.7.

 
Results

  
Table 1 shows the demographic and clinical characteristics 
of the patients. The mean age at onset was 31 years, with 
75% being male. Sixty per cent of patients were injured in 

Figure 1. The distribution of CT findings as measured by Marshall scores across GOSE levels one year post-injury.
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traffic accidents. Three-quarters of patients had GCS within 
the range of severe TBI (GCS 3 - 8), and the majority of pa-
tients (90%) were determined as being major trauma patients 
according to the ISS.

CT findings

Small lesions (Marshall group 2) were observed in 37 (42%) 
patients. Signs of raised intracranial pressure (Marshall 
groups 3 - 4) were present in 33 (38%) patients. Mass le-
sions (Marshall group 5) were excised from eight patients. 

There was a high frequency of tSAH in this study (65%). 
Cortical contusions were found in 56% of the patients, and 
sub-cortical lesions were found in 12%. Indirect evidence of 
brain steam compression was found in half of the patients 
by evaluating the compression of the perimesencephalic cis-
terns and midline shift. A dorsolateral brain steam lesion was 
found in 3 patients. CT scans shown DAIs in 34% of the 
patients. Approximately 10% of patients showed increase of 
CT findings from the first to second CT performed within the 
first 6 - 24 h post-trauma. Eight patients had no visible intra-
cranial pathology on the CT. Four of these patients showed 

Figure 2. The distribution of MRI findings across GOSE levels one year post-injury.

Table 2. Relationship Between CT, MRI and GOSE. Multivariate Stepwise Regression Model

R2 for the model 0.46; Adjusted R2 0.45

  Variables B Coefficient 
( 95% CI) b p-value

Constant 8.71 < 0.001*

CT -0.20 (-0.42 to 0.03) -0.16 0.08

MRI -0.42 (-0.66 to -0.18) -0.31 0.001*

Length of acute hospital stay -1.26 (-1.80 to -0.72) -0.42 < 0.001*

138                                                                                                                                                                                                                                                                                                                                                                                                                                             139



J Neurol Res  •  2012;2(4):134-144Jerstad et al

Articles © The authors   |   Journal compilation © J Neurol Res and Elmer Press™   |   www.neurores.org

Ta
bl

e 
3.

 C
or

re
la

tio
n 

M
at

rix
 o

f V
ar

ia
bl

es
 in

 M
ul

tiv
ar

ia
te

 R
eg

re
ss

io
n 

M
od

el

*p
 <

 0
.0

1;
 *

*p
 <

 0
.0

01

Va
ri

ab
le

s
M

R
I fi

nd
in

gs
G

C
S

IS
S

D
ila

te
d 

pu
pi

ls
H

yp
ox

ia
H

yp
ot

en
si

on
IC

P 
m

on
ito

ri
ng

IV
H

Su
bc

or
tic

al
 

le
si

on
s

L
en

gt
h 

of
 st

ay
G

O
SE

 

C
T 

fin
di

ng
s

0.
36

**
-0

.3
8*

* 
0.

21
0.

26
0.

24
0.

07
0.

42
**

0.
24

0.
29

*
0.

36
**

-0
.4

2*
*

M
R

I fi
nd

in
gs

-0
.4

9*
*

0.
39

**
0.

25
0.

29
*

0.
19

0.
45

**
0.

31
*

0.
58

**
0.

34
**

-0
.5

0*
*

G
C

S
-0

.3
3*

-0
.2

7
-0

.2
9*

-0
.1

7
-0

.5
2*

*
-0

.2
9*

-0
.4

0*
*

-0
.4

4*
*

  0
.4

2*
*

IS
S

0.
25

0.
34

**
0.

38
**

0.
40

**
0.

19
0.

26
*

0.
57

**
  0

.3
5*

*

D
ila

te
d 

pu
pi

ls
0.

32
*

0.
23

0.
31

*
0.

19
0.

26
*

0.
32

*
-0

.3
4*

*

H
yp

ox
ia

0.
54

**
0.

26
0.

36
**

0.
25

*
0.

37
**

-0
.3

7*
*

H
yp

ot
en

si
on

0.
13

0.
14

0.
22

0.
24

-0
.2

6*

IC
P 

m
on

ito
ri

ng
0.

20
0.

36
**

0.
52

**
-0

.3
9*

*

IV
H

0.
26

*
0.

38
**

-0
.4

3*
*

Su
bc

or
tic

al
 le

si
on

s
0.

28
*

-0
.4

4*
*

L
en

gt
h 

of
 h

os
pi

ta
l 

st
ay

-0
.5

7*
*

138                                                                                                                                                                                                                                                                                                                                                                                                                                             139



J Neurol Res  •  2012;2(4):134-144   Traumatic Brain Injury

Articles © The authors   |   Journal compilation © J Neurol Res and Elmer Press™   |   www.neurores.org

DAIs on MRI performed one year post-injury (three patients 
had stage 1 DAIs and one patient had stage 2 DAIs). A high 
frequency of DAI lesions on MRI was found in patients with 
IVH on CT (86%) and tSAH (72%).

MRI findings

MRI showed DAIs in 70% of patients (48% in patients with 
GCS 9 - 12 and 83% in patients with GCS 3 - 8). The most 
frequent DAI stage was stage 1 in 30 patients (48%), fol-
lowed by stage 2 in 24 patients (40%) and stage 3 in seven 
patients (12%). Haemorrhagic DAIs were found in 85% of 
patients. Dilated perivascular spaces were seen in 47% of 
DAI patients. Combined DAI and cortical lesions were ob-
served in 42% of patients, while 12% of patients had com-
bined DAIs and sub-cortical lesions. Of 25 patients in the 
“no DAIs group”, 50% had cortical contusions on MRI. Pa-
tients with DAIs were more frequently injured in transport 
accidents (60%); 56% of these patients had stage 2 - 3 DAI 
lesions.

Functional outcome one year post-injury

The mean GOSE at the one year follow-up was 5.8 (SD 2.2). 
Eight per cent of patients suffered severe disability (GOSE 
2 - 4), 52% showed moderate disability (GOSE 5 - 6) and 
40% showed good recovery (GOSE 7 - 8). The relationship 
between the patients’ characteristics and GOSE is shown in 
Table 1.

The distribution of CT pathology across the eight GOSE 
levels is shown in Figure 1, and the distribution of MRI find-
ings is presented in Figure 2. Of seven patients who were in 
the severe range of GOSE (level 2 - 4) one year post-injury, 
three patients had a Marshall score of 4 - 5 on the CT scan 
showing most traumatic changes. Of 35 patients showing 
good recovery (GOSE 7 - 8), two patients had a Marshall 
score of 5, and seven patients a Marshall score of 3; the re-
maining 26 patients had no visible or small lesions.

The mean GOSE was 6.7 (SD 0.96) in patients without 
DAI lesions and 5.8 (SD 1.3) in patients with DAIs. Of all 
patients with DAIs, 31% showed good recovery (GOSE 7 - 
8) in contrast to 64% of patients without DAIs (p = 0.001). 
Of those patients with good recovery (n = 35), 21% patients 
had a stage 2 DAI, and 30% had a stage 1 DAI. Four of seven 
patients with severe disability (GOSE 2 - 4) had a stage 3 
DAI on MRI, while two patients had a stage 2 DAI. 

In the regression analysis that explored the impact of CT 
(Marshall score 1 - 5) on GOSE, CT was a significant predic-
tor, with negative beta values (β = -0.42, p < 0.001), meaning 
that less severe injury leads to better functional outcomes. 
CT accounted for 17% of the variance in the GOSE for the 
simple regression analysis. The multivariate linear regres-
sion model explained 40% of the variance in GOSE. In ad-
dition to CT (β = -0.22, p = 0.01), two covariates used in the 

multivariate model, IVH and length of acute hospital stay, 
were also significant predictors, with negative β-value (β = 
-0.23, p = 0.01 and β = -0.40, p < 0.001, respectively), mean-
ing that less severe intracranial injury, without IVH and with 
a shorter stay in acute care, leads to better GOSE outcomes. 

In the regression analysis exploring the effect of MRI 
(DAI stages 1 - 3) on GOSE, MRI was a significant predic-
tor, with negative beta value (β = -0.50; p < 0.001), indicat-
ing that less severe injury leads to better functional outcome. 
The MRI accounted for 25% of the variance in the GOSE 
in the simple regression analysis. The multivariate linear re-
gression model explained 45% of the variance in the GOSE. 
In addition to MRI (β = -0.32; p = 0.001), length of stay 
was a significant predictor, with a negative direction of the 
β-value (β = -0.40; p < 0.001).

In the third regression model exploring the combined 
impact of CT and MRI on the GOSE, MRI accounted for 
25% of the variance in the GOSE, while CT explained 7%. 
The final multivariate model accounted for 45% of the vari-
ance, resulting in two significant predictor variables: the 
length of acute hospital stay and MRI (Table 2). 

The multivariate linear regression analyses that were 
performed to explore the impact of CT and MRI on GOSE 
in the subgroup with DAI showed similar predictors as the 
abovementioned model (data not shown). 

The multicollinearity diagnostic indicated an acceptable 
degree of collinearity (see Table 3 for a correlation matrix of 
all variables) with a VIF of < 1.2 and Cook’s distance < 0.14.

Discussion
  
CT findings

The dynamic nature of TBI can be characterised by taking a 
serial CT examinations. Marshall et al. [2] developed a more 
discrete classification of head injury, not only for prognos-
tic purposes, but also as a tool to assist in the diagnosis and 
treatment of secondary injuries, which are avoidable and can 
occur at variable times after the initial injury.

Approximately 10% of the patients with initial Marshall 
1 - 2 lesions developed new changes on the second CT scan 
performed within 24 h post-injury, which is in accordance 
with a study by Lagares et al. [14]. We did not evaluate all 
CT scans from the acute hospitalisation period, but previous 
studies have reported that up to 50% of patients may devel-
op new lesions during the acute phase [29]. The increasing 
severity of brain injury is indicated on the CT by indirect 
evidence of brain stem compression, the size of the perimes-
encephalic cisterns and a midline shift [2]. In fifty-nine per 
cent of patients monitoring with an ICP during the acute hos-
pitalisation was regarded necessary, and may indicate that 
the percentage of newly developed lesions in our study was 
underestimated. CT also seems to underestimate the sever-
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ity of cerebral injuries and has low sensitivity in visualising 
DAIs and especially non-haemorrhagic lesions [15].

In our study, comparison with the one year MRIs indi-
cates that CT underestimated the presence of brain lesions 
in four of eight patients and DAIs in 36% of the patients. 
Previous studies have reported that DAIs are detected on CT 
scans in 20-50% of cases [9]. Several studies, however, have 
indicated the importance of examining individual CT factors 
and not just categorising findings according to the Marshall 
Classification [30]. The percentage of tSAH in this study was 
high (65%) but within the range of previous studies (28-79%) 
[1, 14]. Our results demonstrate the relationship between the 
presence of tSAH, cortical and subcortical lesions, IVH and 
DAI. IVH is an important predictor of functional outcome 
in the univariate analyses in this study, in accordance with 
previous studies [1, 14]. 

MRI findings

MRI is sensitive for the detection of primary intra axial le-
sions and white matter shear injuries. Primary classical tri-
ad of DAI findings mentioned earlier are especially noted 
here. Studies report that the incidence of DAIs on MRI is in 
the range of 65-72% [14, 17]. Our findings of 70% DAI le-
sions are in accordance with these studies and other findings 
showing that DAIs are more frequent in high-energy trauma 
events. Our results may be an underestimate because we did 
not perform MRI in the acute phase [14, 15, 16]. Oedema as-
sociated with non-haemorrhagic DAI or small haemorrhagic 
DAI lesions demonstrated on early MRI may have resolved 
and become undetectable at later repeated MRI scans per-
formed weeks and months post-injury [31]. Axonal injury 
by itself can occur without concomitant significant vascular 
injury [32]. The propensity for a white matter shearing lesion 
to haemorrhage partially depends on the degree of vascular-
ity of the injured area. When a shearing injury to a well-
vascularised area is non-haemorrhagic, it is conceivable that 
only the perivascular space surrounding the perforated vessel 
is interrupted. A stronger shearing force will disrupt both the 
perivascular space and the vessel wall and result in a haem-
orrhagic lesion with surrounding oedema [27, 33]. The ma-
jority of DAI lesions in this study were haemorrhagic, even 
though we know from the pathological literature that most 
lesions are non-haemorrhagic (80%) [34]. Diffusion-weight-
ed images is very sensitive for detecting non-haemorrhagic 
lesions, but as in the case with ischaemia, its sensitivity is 
limited to the acute setting [35]. Chronic DAI lesions are ei-
ther invisible or show decreased signal. Perivascular spaces 
have a tendency to dilate in healthy patients but can also be 
associated with diseases and trauma [36]. The visibility on 
T2-weighted gradient-echo imaging is time independent, 
which allows recognition of these lesions during the chronic 
stage of TBI [11].

Our standard image analysis protocols do not truly 

characterise the full extent or consequences of DAIs [37]. 
Although MRI is far more sensitive than CT for detecting 
shearing injuries, microscopically recognisable axonal dam-
age may not be identified by either modality [37].

 
Functional outcome one year post-injury

Patients with less severe brain injury findings on CT showed 
better GOSE outcomes in accordance with previous studies 
[1, 38]. The present study indicates that patients with MRI 
findings of stage 1-2 DAIs may have good functional out-
come one year post-TBI, while patients with stage 3 DAIs 
had poorer GOSE outcome, which is in accordance with pre-
vious studies [14, 39]. However, our study showed that DAI 
lesions are more frequent in patients with an unfavourable 
outcome as evaluated by GOSE levels 2 - 5. Other studies 
have reported a correlation between functional outcome as 
assessed by GOS/GOSE and CT and MRI findings [14, 15, 
17]. In contrast to these studies, another study using MRI 
two years post-injury showed a lack of correlation between 
the number and site of traumatic microbleeds and an overall 
long-term clinical outcome such as the GOSE [11]. 

A novel feature of this study is the use of multivariate 
regression to assess the contributions of acute CT and late 
MRI findings to functional outcome one year after a TBI. 
We performed an adjustment for clinical variables that are 
important for functional outcome after TBI, such as clinical 
evidence of acute injury severity. Despite the significant as-
sociation of CT with GOSE outcome, the CT did not inde-
pendently contribute to outcome when MRI was included in 
the regression model. MRI was a significant predictor and 
accounted for 25% of the variance in GOSE. A high inci-
dence of DAIs in our MRI data may give extra power in the 
model. Length of hospital stay in acute care was a consistent 
significant predictor of functional outcome one year post-
injury and agreed with other studies on functional outcome 
after TBI [26]. Unexpectedly, individual CT characteristics 
such as tSAH and IVH were not significant predictors in the 
multivariate analysis, possibly due to the limited number of 
patients included in this study. Age did not influence func-
tional outcome, which contradicts other studies [40]. A likely 
explanation is the exclusion of older patients (> 55 years) 
from the current study.

Half of the variance in the multivariate models remained 
unexplained in this study and may be explained by the use 
of the GOSE as global functional outcome. Variables of 
significant importance such as cognitive and psychosocial 
consequences of TBI were not examined in this study. With 
better methods to image the functional capacity of the brain 
and further refine the neuroimaging classification, it is likely 
that the outcomes of patients will improve and that outcome 
prediction will be more accurate. 

From a rehabilitation perspective, MRI is not readily 
available in the early phases of TBI, and early CT scans are 
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often the only scans performed from which physiatrists make 
predictions during inpatient rehabilitation. An important 
question would be whether the assessment of a late MRI has 
any additional value over an early CT in providing prognos-
tic information for patients with moderate-to-severe TBI. In 
general, physiatrists are often consulted by patients or care 
providers one year post-injury due to persistent functional 
impairments and an inability to return to work. An MRI ob-
tained in this period will have an additional value by disclos-
ing DAI lesions that were not shown on CT or other subtle 
findings. This information may aid the rehabilitation team in 
setting appropriate goals for rehabilitation intervention and 
realistic outcome expectations [41]. 

Several limitations should be addressed in this study. 
The study has been conducted in an age-selected population 
(16 - 55 years). The use of a single neuroradiologist (TJ) to 
rate both the CT and MRI could introduce a systematic bias. 
However, the neuroradiologist was blinded for the outcome 
variable. Additionally, we did not monitor the progression 
in CT examinations performed after the first day of injury. 
We found a limited number of patients with stage 3 DAIs on 
MRI, possibly because we included only patients who sur-
vived one year follow-up. Therefore, we did not separate and 
categorise DAI severity in the regression analyses. Our re-
sults need to be validated using a larger sample of unselected 
TBI patients and a more detailed functional outcome mea-
sures.

Conclusions

The relative impact of early CT findings of intracranial le-
sions and late MRI findings of DAI on functional outcome 
supported results from previous studies and underscored the 
importance of using neuroimaging techniques when predict-
ing functional outcomes after TBI. The better predictive 
value of MRI indicates that the detailed information about 
pathological brain lesions shown on late MRI may help cli-
nicians to administer more appropriate rehabilitation treat-
ments to patients who are predicted to have a worse outcome 
at the one-year follow-up. 
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