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Background  and  purpose.  –  This  study  was  performed  to investigate  the  prognostic  value of  traumatic
axonal  injury  (TAI)  in  severe  head  trauma.
Methods.  –  We  attempted  to determine  whether  any  MR imaging  findings  of TAI could  be  related  to
prognosis  in  264  patients  with  severe  head  trauma.  We  performed  an  ordinal  logistic  regression,  adjusted
for the  prognostic  factors  according  to the  IMPACT  studies,  adding  each  MR  feature  related  to  prognosis
one  at  a time.  A new prognostic  model  was  described  by adding  these  MR  features  to the  classic  prognostic
factors.  The  model  was  externally  validated  in a  prospective  series.  Harrel’s  c-statistic  and  ordinal  c-index
(ORC)  were  calculated  to  measure  its predictive  accuracy.
Results.  – We  found  178  patients  with  TAI  lesions.  Lesions  in  the  basal  ganglia/thalamus,  corpus  callosum
(CC)  and brain  stem  were  associated  with  poor  outcome  (P  <  0.01).  The  highest  OR  was  for  TAI  lesions
in  the  splenium  (OR:  2.6)  and  brain  stem  dorsal  lesions  (OR:  3.1).  We  only  found  significant  differences
in  outcome  between  haemorrhagic  and  non-haemorrhagic  TAI lesions  in  the  subgroup  of  patients  with

white  matter  and  basal  ganglia/thalamus  lesions  (P =  0.01).  We  obtained  a superior  discriminatory  capac-
ity by  adding  these  MR findings  to the  previous  prognostic  model  (Harrel’s  c-statistic  0.72  and  ORC  0.7)
in  a prospective  series  of  93 patients.
Conclusions.  – The  prognostic  model  including  MR findings  maintained  a superior  discriminatory  capacity
than  that  obtained  for the model  with  the classic  prognostic  factors  alone.
ntroduction

Traumatic brain injury (TBI) is a major economic and social prob-
em in all countries [1]. Although TBI is a leading cause of death and
isability, none of the clinical trials performed on these patients

ave shown an overall significant treatment effect. Many authors
ave recently published recommendations in order to improve the
tatistical analysis and design of these trials, such as an adequate

Abbreviations: TBI, traumatic brain injury; MR,  magnetic resonance; TAI, trau-
atic axonal injury; CC, corpus callosum; PO, proportional odds; GCS, Glasgow Coma

cale Score; GOS-E, Extended Glasgow Outcome Score; ROI, regions of interest;
NOVA, analysis of variance; OR, odds ratios; ORC, ordinal c-index; TCDB, traumatic
oma data bank.
∗ Corresponding author. Department of Neurosurgery, Vall d’Hebron University
ospital, Paseo Vall d’Hebron 119–129, 08035 Barcelona, Spain.

E-mail address: marta.cicuendez@gmail.com (M.  Cicuendez).
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150-9861/© 2018 Elsevier Masson SAS. All rights reserved.
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prognostic model and the use of ordinal rather than dichotomous
outcome analysis [2].

Prognostic models are essential to identify patients with a high
risk of poor outcome at admission and to help physicians in clinical
decision-making. The IMPACT model provides an adequate out-
come prediction, adding CT characteristics and laboratory findings
to traditional predictors (age, motor score and pupillary reactivity)
[3]. There are many studies on the importance of MR  in the diagno-
sis of traumatic axonal injury (TAI) and its relationship to outcome
prediction in TBI. However, magnetic resonance (MR) findings have
not been included probably due to its lack of availability at hospital
admission and the increased time and cost of the imaging stud-
ies [4–8]. Furthermore, there has not been sufficient exploration of

the relationship between quantitative measures of TAI lesions in
different brain locations and outcome.

Besides improving the prognostic model, dichotomous analysis
of the ordinal outcome Scale in clinical trials and research studies

https://doi.org/10.1016/j.neurad.2018.08.001
http://www.sciencedirect.com/science/journal/01509861
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurad.2018.08.001&domain=pdf
mailto:marta.cicuendez@gmail.com
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esults in a loss of information and reduces statistical power for the
nalysis of treatment effects or other covariates of interest [2]. An
lternative to this approach is the use of ordinal outcome analy-
is, such as an ordinal logistic regression or proportional odds (PO)
odel [2,9]. The aim of this study is to investigate the added prog-

ostic value of MR  findings in addition to the traditional prognostic
odel, using an ordinal analysis.

ethods

atients and data collection

We  retrospectively investigated data from 288 patients with
evere head trauma who underwent conventional MR imaging.
hey were selected from a prospectively registered cohort of 1048
onsecutive patients with severe head injury admitted to our hos-
ital from 1 January 2000 to 1 December 2014. Then, a prospective
eries of 93 patients consecutively admitted TBI patients were col-
ected from December 2014 to November 2016 in order to assess
he external validity of the proposed prognostic model (Fig. 3).

All of the patients fulfilled the inclusion criteria, which were:

patient aged 15 or over;
Glasgow Coma Scale Score (GCS) of 8 or less after non-surgical
resuscitation at admission or GCS deterioration to 8 or less within
48 h after trauma;
survival beyond 48 h after trauma;
performance of an MR  procedure during the first 60 days after
TBI;
no signs of brain death at admission.

The exclusion criteria included paediatric population, penetrat-
ng gunshot wounds, death prior to the performance of a CT scan
nd intubated patients whose level of awareness improved to the
oint of responding to orders after sedation withdrawal or after the
ffect of intoxication waned.

The collected variables included age, sex, mechanism of injury,
resence of severe extracranial injury, pupil examination, post-
esuscitation level of consciousness expressed by GCS and its motor
ubscale and presence of hypotension/hypoxia. Findings from the
dmission CT scan were recorded according to the Traumatic Coma
ata Bank [10]. Neurological impairment was assessed at one year
fter injury by means of the Extended Glasgow Outcome Score
GOS-E) [11].

maging protocol

MR  imaging was performed in the subacute phase of head injury.
 total of 207 studies were performed during the first 30 days
nd 57 during the first 60 days after TBI (mean 21 ± 12 days). We
xcluded 24 studies from the analysis because they were performed
ore than 60 days after brain trauma.
Imaging was performed on a 1.5T scanner (Signa Excite; GE

ealthcare, Milwaukee, Wisconsin). The MR  imaging protocol con-
isted of a 3-plane localizer sequence, sagittal T1-weighted with
n inversion recovery technique (TR = 2000, minimum TE = 8–48,
nversion recovery = 750, NEX = 2, 320 × 256 matrix), axial T2-

eighted fast spin-echo (TR = 4000, TE = 85, echo-train length = 12,
EX 2, 320 × 256 matrix), axial and coronal FLAIR (TR = 10,000,
E = 145, TI = 2200, NEX = 1, variable bandwidth = 20, 256 × 224

atrix) and gradient-echo T2 images in the axial and sagittal planes

TR = 550, TE = 18, flip angle = 28, NEX = 2, variable bandwidth = 15,
56 × 192 matrix). All data were obtained by using 4-mm-thick
ections with a 1-mm skip, and a FOV of 24 × 24 cm.
radiology 46 (2019) 299–306

Image analysis

The first author (MC), in cooperation with an experienced neu-
roradiologist (AR), characterised traumatic axonal injuries (TAI)
based on visual inspection. All were blinded to patient identifica-
tion, clinical information and time of examination. Both observers
checked images for the presence of TAI lesions and determined their
location. Inter-observer reliability was  checked by means of kappa
coefficient. Those cases in which there were discrepancies were
resolved by consensus after joint review.

TAI lesions were classified as:

• haemorrhagic or non-haemorrhagic;
• location: subcortical white matter, basal ganglia and thalamus,

corpus callosum (genu, splenium or body involvement) and brain
stem (anterior or dorsal and uni or bilateral lesions);

• total number of lesions in each location;
• total volume of the lesions.

Based on MR  signal characteristics on conventional imaging
sequences, TAI lesions were classified as haemorrhagic or non-
haemorrhagic. Non-haemorrhagic lesions were defined as areas
of increased signal intensity on T2 and FLAIR, and haemorrhagic
injuries were described as foci of decreased signal on gradient-echo
T2. Periventricular signal hyper-intensities on T2 and FLAIR were
considered a normal phenomenon [7,12] and they were excluded
from the analysis. TAI lesions were counted separately in the dif-
ferent locations on T2, FLAIR, and T2*GRE sequences. Illustrations
of the different TAI injuries are shown in Fig. 1.

The volume of the lesions was  calculated using an OsiriX v.5.8.2
DICOM viewer. The axial FLAIR and T2 sequences were loaded in the
system and the lesions were segmented manually by drawing con-
tours around them in order to define the different regions of interest
(ROI). The system computes the area of the ROI and the total vol-
ume  of this group of ROIs in cubic centimetres (Fig. 2). The volume
of the lesions on gradient-echo T2 sequences was  not measured
because of the magnetic susceptibility of haemoglobin degradation
products [13]. For further information on the measurement of TAI
lesions, we refer the reader to our earlier study on the prognosis
value of CC lesions [14].

Statistical analysis

A descriptive analysis of the epidemiologic characteristics of
patients presenting with TAI at MR  imaging was  performed. For the
purpose of statistical analysis, the outcome was  divided into three
groups according to GOS-E: good recovery (GOS-E 7, 8), moderate
disability (GOS-E 5, 6) and severe disability/persistent vegetative
state or death (GOS-E 1, 2, 3, 4).

For the multivariable analysis, we used an ordinal logistic
regression or proportional odds model (PO). The PO model is ade-
quate for studying ordinal dependent variables, such as outcome,
and it produces a common odds ratio (OR). It has a greater power
to detect risk factors than binary logistic regression models, but
it is performed under the assumption of proportionality of the
odds. This assumption is equivalent to saying that any cut-point on
the outcome scale would lead to the same binary logistic regres-
sion coefficient [9,15,16]. In order to assess the accuracy of our PO
model, the outcome variable was dichotomised in 1 vs. 23 (bad
prognosis vs. intermediate and good prognosis) and 12 vs. 3 (bad
and intermediate prognosis vs good prognosis), and we  applied
binary logistic regression to develop models for these dichotomised

responses. We  observed that the estimated odds ratios remained
constant, which assess the adequacy of the proportional odds
model [17]. Furthermore, we  also inspected the validity of the PO
model by performing the Brant test to test the parallel regression
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ig. 1. Illustrations depicting the different types of TAI injury observed with subacu
ubcortical white matter haemorrhagic lesions visible on T2*GRE. Axial T2 (C) and T2
esencephalic lesion and axial T2*GRE (F) showing an example of brain stem haem

ssumption in the IMPACT model and the rest of the MR  variables
16].

An ordinal regression analysis was performed using the MR
ndings and the variables included in the IMPACT studies: the
ore model (age, motor score at admission and pupillary reactiv-

ty) and the Extended model (including CT information and second

nsults) [18]. The association between MR  findings and outcome

as expressed as odds ratios by adding each MR  feature related to
rognosis one at a time. Finally, we defined a new prognostic model

ncluding the MR  features with the highest OR.
 imaging in severe traumatic brain injury. Axial FLAIR (A) and T2*GRE (B) images of
(D) demonstrating haemorrhagic CC lesion. Axial T2 (E) image of non-haemorrhagic
gic lesion.

Afterwards we calculated the c-statistic in order to determine
if our new prognostic model improved outcome prediction. Har-
rel’s c-statistic was  used to compare the discriminatory capacity
obtained by a model using clinical features and CT information to
that of a model adding MR  features with more relevance to prog-
nosis. The c-statistic was obtained using two strategies. The first

strategy was  similar to that proposed by Newson [19] for com-
paring the predictive power of survival models, whereby Harrel’s
c is calculated from the linear predictors for each case obtained
when computing the model. The second strategy was to compute
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Table 1
Demographic and injury-related characteristics and outcomes of the two series of
severe TBI patients included in our study.

Demographic
Characteristics

Retrospective series
n = 288

Prospective series
n = 93

P value

Age 36,1 ± 14 years 40 ± 15,7years < 0.03
Sex

Male 229 (79%) 78 (84%) NS
Female 59 (21%) 15 (16%)

Mechanism of injury
Traffic 188 (65%) 70(75%)
Fall 71 (25%) 23 (25%) 0.004
Impact/Others 29 (10%) 0

Pupillary Abnormality 45 (16%) 12 (13%) NS
GCS  at admission

3 47 (16%) 17 (18%)
4  30 (11%) 7(8%)
5 32 (11%) 5(6%) NS
6  36 (12%) 7(8%)
7  30 (11%) 9 (9%)
8 18 (6%) 3 (3%)
> 8 95 (33%) 45 (48%)

Hypotension/Hypoxia 66 (23%) 25 (26%) NS
TCDB CT classification

Type I–II 192 (67%) 59 (63%)
Type III–IV 17 (6%) 14 (15%) NS
Type V–VI 79 (27%) 20 (22%)

Mortality 12 (4%) 4 (4%) NS
Outcome 1 year

Good outcome 192 (66%) 67 (71%) NS
ig. 2. The figure shows how the different regions of interest (ROI) were drawn
anually. The system calculates the area of each ROI and the total volume of the

esion.

he ordinal c-index (ORC) as the average of all pairwise c-indexes
mong the different outcome categories for each model [20]. In this
ay, the ORC can be interpreted as the probability of correctly rank-

ng two cases from two randomly selected outcome categories. The
rognostic model was then validated in the prospective cohort of
BI patients. Harrel’s c-statistic and ordinal c-index were calculated
o assess the discriminatory capacity in this new sample.

Statistical analyses were performed using the SPSS program
IBM SPSS Statistics v20.0.0) and STATA (StataCorp, Texas, USA,
12.1). P-values < 0.05 were considered statistically significant.

esults

All the descriptive and multivariable analyses were performed
n the retrospective series of TBI patients. We  included a total of
64 patients with MR  studies done in the early subacute phase (less
han 60 days after brain trauma). In this group, 78% of these studies
ere done in the first 4 weeks after trauma (mean 21 ± 12 days).

nter-observer agreement was on average good (average kappa 0.7,
 < 0.01) for all locations studied (subcortical white matter, corpus
allosum and brainstem).

We  found that 178 (65%) patients presented with traumatic
xonal injury. We saw that 93% (165 patients) showed subcortical
hite matter lesions, 54% (97 patients) had lesions in the corpus

allosum and 40% (70 patients) in the brain stem. In the group of
65 patients with subcortical white matter injuries, 94 patients also
ad lesions in the basal ganglia and thalamus (53%). In this group of
emispheric TAI lesions, 50 cases were only supratentorial lesions,
hereas 50 patients had lesions in the cerebral hemispheric and CC,

nd 29 in the brain stem and cerebral hemispheric. Only 9 patients

ad lesions exclusively in the CC, 3 patients had isolated brain stem

njury and 2 patients had both lesions in the CC and brain stem
ithout subcortical white matter injury. Finally, a total of 36 cases
resented with lesions in the three locations [14] (Fig. 3).
Poor outcome 96 (34%) 27 (29%)

NS: non statistically significant difference.

The predominant mechanism of injury in our retrospective
series of severe TBI and MR  was  high-energy impact trauma (65%),
followed by falls (24%) and direct impact (11%). The patient pop-
ulation was  young (mean age 36 years; interquartile range 26–45)
and they were predominantly male (79%). An analysis of the differ-
ent types of lesions visualised by CT at admission according to the
Traumatic Coma Data Bank (TCDB) classification was performed.
The most frequent lesion in the whole series of TBI patients was
diffuse injury (TCDB type II). Demographic and injury-related char-
acteristics are shown in Table 1.

For both the corpus callosum and brain stem, most lesions were
found on T2 and FLAIR sequences. In contrast, for the subcortical
white matter most TAI lesions were detected on T2*GRE sequence.
A total of 77% presented with haemorrhagic lesions in the sub-
cortical white matter, whereas only 35% of CC lesions and 44% of
brain stem lesions were haemorrhagic. FLAIR and T2 lesion vol-
umes in the corpus callosum and brain stem contributed to more
than 50% of the whole brain lesion volumes. There was no statis-
tically significant relationship between patients’ age and volume
lesions (P = 0.7).

Multivariable analysis

We  performed a multivariable analysis adjusted for prognostic
factors according to the IMPACT studies in the 264 TBI patients. To
simplify the analyses, we  chose the number and the volume mea-
surements on T2 sequences. The PO assumption was violated only
for brain stem lesions: dorsal and pons lesions (Table 2). The esti-
mated odds ratios remained constant for all MR  findings except
for these lesions, probably due to the small number of patients
included in group 2 [dorsal: 3 and pons: 10 patients, and group
3 (dorsal: 6 and pons: 7 patients), compared to group 1 (17 and 20
patients respectively)]. For the sake of interpretability and clinical

usefulness, we  chose to accept the violation of the PO assumption in
the final PO model. Splenium and brain stem injury were the most
important predictors in our multivariable PO model. This was also
supported by the fact that when adding up, the whole model sta-
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Fig. 3. Severe TBI patients admitted to the department of neurosurgery, hospital 12 de O
as  well as the final number of patients with traumatic axonal injury (TAI).

Table 2
The outcome variable was  dichotomize in three groups: 1 vs. 23 and 12 vs. 3.
We  applied binary logistic regression to develop models for these dichotomized
responses and check for systematic trends in the estimated odds ratio.

Categorization GOS 1 vs. 2&3 GOS 1&2 vs. 3 Proportional OR

White matter
Haemorrhagic 3.19 2.22 1.9 (1–3.58)
Number lesions 0.91 0.91 0.97 (0.89–1)
Volume lesion 0.34 0.41 0.36 (0.15–0.87)
Basal Ganglia &Thalamus 1.52 1.87 1.75 (1–2.89)
CC  2.24 1.47 1.77 (1.06–2.98)
Splenium 3.03 2.06 2.6 (1.5–4.5)
Number lesions 1 0.69 0.91 (0.49–1.02)
Volume lesion 0.61 0.79 0.66 (1–2.89)
Brain stem 1.83 1.89 1.96 (1.4–3.36)
Dorsal 4.18 1.64 3.1 (1.33–7.22)
Pons 6 3.13 2.69 (1.34–5.39)

t
t

T

At brain stem level, the presence of TAI lesions (P = 0.015, OR:
Number 0.63 0.5 0.58 (0.41–0.81)
Volume 0.42 0.22 0.33 (0.12–0.91)

istical tests corroborated the assumption of the PO model (Brand

est P-value = 0.83).

The number of TAI lesions detected at all brain locations on
2*GRE sequences did not dependently predict outcome (P > 0.5).
ctubre (Madrid, Spain) during the study period. Flow chart of the inclusion criteria

We  only found significant differences in outcome between haem-
orrhagic and non-haemorrhagic TAI lesions in the subcortical white
matter and basal ganglia/thalamus (P < 0.05, OR: 1.9, 95% CI: 1–3.58,
Wald: 3.96).

We observed that the mere presence of TAI lesions at white
matter level did not reach statistical significance (P = 0.14), but TAI
lesions at basal ganglia and thalamus level were associated with
poor outcome (P < 0.001, OR: 1.75, 95% CI: 1–2.89). The number and
the volume of these TAI lesions on T2 sequence were also related to
worse outcome (number: P = 0.02, OR: 0.94, 95% CI: 0.89–1, Wald:
5.19; volume T2: P = 0.02, OR: 0.36, 95% CI: 0.15–0.87, Wald: 5.19).

Corpus callosum lesions were associated with poor outcome
(P = 0.015, OR 1.77 95% CI: 1.06–2.98, Wald 5.89). The presence
of lesions in the splenium was also related to worse outcome, as
described in our previous work about CC lesions in TBI (P = 0.014,
OR: 2.6, 95% CI: 1.5–4.5, Wald: 11.7) [14]. The number of these
lesions (P > 0.05, OR: 0.91, 95% CI: 0.59–1.42, Wald: 3.36) and their
volume (P = 0.09, OR: 0.63, 95% CI: 0.44–0.89, Wald: 6.74) reached
statistical significance after adjustment for prognostic factors.
1.96, 95% CI: 1.14–3.36, Wald: 5.94) was associated with worse
prognosis but not all patients with these injuries experienced poor
outcome (44% patients had bad outcome, 30% presented moder-
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Table 3
Multivariate analysis: the model predicts prognosis using PO with the indicated
variable as a covariate together with core prognostic factors (age, motor score, and
pupil dilation) and extended prognosis factors (CT information and second insults).
The GOS E scale was divided in three groups and analyzed as a dependent variable,
thus  predicting the worse outcome category. Values are given in odds ratios (ORs)
and 95% confidence intervals (CIs).

MR findings OR (95% CI) Wald statistic P value Nagelkerke R2

Hemorrhagic Sub-
cortical/GGBBGG

1.9 (1–3.58) 3.96 < 0.05 0.19

BB  lesion 1.75 (1–2.89) 4.73 < 0.01 0.18
Splenium lesion 2.6 (1.5–4.5) 11.7 < 0.001 0.19
Volume CC lesion 0.66 (1–2.89) 4 0.04 0.19
Dorsal BS lesion 3.1 (1.33–7.22) 7.29 < 0.001 0.18
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Volume BS lesion 0.34 (0.12–0.91) 4.53 0.03 0.18
Pons lesion 2.69 (1.34–5.39) 7.49 < 0.001 0.22

te disability and 26% had good outcome). Dorsal lesions were
lso associated with poor outcome (P = 0.007, OR: 3.21, 95% CI:
.37–7.48, Wald: 7.29), as were pons lesions (P = 0.006, OR: 2.69,
5% CI: 1.34–5.39, Wald: 7.49). Bilateral lesions did not reach sta-
istical significance after adjustment for prognostic factors (P = 0.1).
his result was probably due to the small number of patients in our
eries with bilateral involvement, only 26 patients presented with
ilateral lesions and 23% (6 patients) had good prognosis. We  also
ound that in this location, the number (number P = 0.02, OR: 0.58,
5% CI: 0.41–0.81, Wald: 9.96) and the volume (P = 0.03, OR: 0.34,
5% CI: 0.12–0.91, Wald: 4.53) of TAI lesions were associated with
orse prognosis (Table 3).

We  found no association between CT findings and TAI lesions
n our series. We only saw that intraventricular haemorrhage in
he first CT at admission was related to TAI lesions detected in

R studies (P < 0.01). We  observed that it was also associated with
oderate and severe disability at one year after TBI in our series

P = 0.02, OR: 1.84, 95% CI: 1.1–3.08, Wald: 5.41).

rognostic model

We  developed a prognostic model adding the following MR
ndings to the prognostic factors described in the IMPACT
tudy: haemorrhagic subcortical/basal ganglia TAI lesions, sple-
ium lesions and dorsal brain stem lesions. Each MR  variable was  an

ndependent prognostic factor after performing the ordinal regres-
ion analysis in our series. Harrel’s c-statistic for this model with MR
ndings (0.72, 95% CI: 0.67–0.77) was higher than for the IMPACT
odel alone (0.68, 95% CI: 0.63–0.73). Also, ORC was higher for the
odel including MR  information (ORC = 0.71, 95% CI: 0.63–0.79)

han that of the IMPACT model alone (0.64, 95% CI: 0.53–0.76). This
odest improvement is based mainly on a better prognostication

f patients in moderate outcome (c-statistic for moderate outcome
sing only IMPACT 0.53, for data including MR  features 0.63).

We applied our suggested prognostic model to a prospective
ohort of 93 TBI patients (validation sample). In this subset of
atients, a total of 62 patients presented TAI lesions in the MR  stud-

es. We  found 58 patients (62%) with subcortical white matter and
asal ganglia/thalamus lesions, 41 patients (44%) with splenium

esions and 13 patients (14%) with dorsal brain stem lesions (Fig. 3).
Comparisons were made between the retrospective series and

he prospective cohort of TBI patients. We  saw that the mean age
as 5 years younger in the retrospective series (36.1 ± 14 years vs.

0 ± 15.7 years, P < 0.03). There were also statistical differences in
he mechanism of injury: traffic accidents were predominant in
he prospective series (P < 0.001). However, despite these findings,

here were no statistical differences between groups in mortality
nd the final outcome. Neither were there statistical differences
n sex distribution, initial GCS, pupillary abnormality and second
nsults (Table 1).
radiology 46 (2019) 299–306

Finally, we found that the model including MR  findings main-
tained a superior discriminatory capacity than that obtained for the
IMPACT model in our prospective series (Harrel’s c statistic with MR
0.72 and IMPACT model alone 0.67; ORC with MR  0.7 and IMPACT
model alone 0.66). These results support our hypothesis that MR
findings added prognostic information in TBI patients.

Discussion

Traumatic axonal injury is commonly found in TBI patients and
it is associated with their prognosis and quality of life [4,5,7]. Over
the last few years, MR  has become an essential tool for diagnosing
TAI in order to identify patients at high risk of poor outcome. In our
study, we  observed that this risk was  associated to the location and
the extent of TAI lesions visible on conventional MR  imaging after
adjustment for prognostic factors.

For the multivariable analysis, we used an ordinal logistic
regression to avoid the loss of information in predicting outcome,
especially in those cases of moderate disability. In the IMPACT
model, the patients were divided according to GOS  in three groups:
mortality, unfavourable or good outcome. However, in our series
we divided the outcome according to GOS E to emphasise the prog-
nosis of this group of patients with moderate disability.

According to the location of the lesions, we found that TAI lesions
in the basal c, corpus callosum and brain stem were independent
prognostic factors for poor outcome. The prognostic significance
of thalamus and basal ganglia TAI lesions after brain trauma has
been studied in previous studies. Thalamic injury is related to
patients with disorders of consciousness and cognitive outcome
[6,21]. Moen et al. [7,13] described the association between thala-
mus  TAI lesions and poor outcome in 211 patients with severe and
moderate brain trauma. In line with these studies, in our series, we
observed that the presence of TAI lesions in the thalamus and basal
ganglia was associated with worse outcome. We  also found that
patients with haemorrhagic TAI lesions in the subcortical white
matter and basal ganglia/thalamus had worse outcome, but the
number of T2*GRE lesions counted did not reach statistical signif-
icance. We  did not find statistical differences in outcome between
haemorrhagic and non-haemorrhagic lesions in the CC or brain
stem lesions, as other authors have previously reported [14].

We also observed the importance of TAI lesions at CC and brain
stem. The presence of TAI lesions in the corpus callosum and brain
stem were associated with poor outcome [7,14]. As our group pre-
viously reported, we  observed that the splenium involvement, and
the number and volume of TAI lesions in the CC negatively corre-
lates with the outcome after brain trauma [7,13,14,22].

Earlier studies showed that the presence of TAI lesions in the
brain stem was associated with worse outcome [23–25]. However,
not all patients with brain stem injury showed a dismal progno-
sis. We  observed that dorsal lesions and TAI lesions at pons level
independently predict outcome after performing ordinal logistic
regression. As far as we are aware, this is one of the largest stud-
ies to highlight the importance of pons involvement in brain stem
injury after TBI. In contrast to previous published studies, [5,6,23]
bilateral involvement did not reach statistical significance after
multivariable analyses. In our series, only 26 patients presented
with bilateral lesions and 6 had good outcome.

Furthermore, this study also highlights not only the importance
of the lesions location, but also the prognostic value of the extent of
the injuries. The number and the volume of TAI lesions were related
to worse prognosis in all locations, especially in the brain stem and

corpus callosum. Our findings are consistent with previous results
from Moen et al. [7,13], who found that both lesion measurements
improved outcome prediction in a series of 64 patients with severe
TBI after adjustment for age, GCS Score, and pupil dilation. There are
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ot many studies that examine the prognostic value of TAI lesion
olume measurement in MR.  Pierallini et al. [22] observed that the
olume of CC lesion correlated significantly with disability and cog-
ition disorders. In our previous work, we concluded that prognosis
orsens in direct relationship to the extent of CC injury and the vol-
me  of corpus callosum lesion was significantly related to outcome.
hew et al. [24] and Chastain et al. [25] showed that the volume
f brain stem injury predicted outcome, but they did not perform
ultivariable analyses adjusted for prognostic factors. However,

he highest OR was for the anatomical TAI location: splenium (OR:
.6) and brain stem dorsal lesions (OR: 3.1). These results support
he Ommaya–Gennarelli model, in which the depth of brain injury
orrelates with TBI morbidity and mortality [26].

Thanks to the results of our study, we could develop a new
rognostic model for TBI patients by adding MR  information to the
rognostic factors described in the IMPACT model. For this pur-
ose, we chose the MR  features with the highest OR: presence
f haemorrhagic subcortical/basal ganglia TAI lesions, splenium
esions and/or dorsal brain stem lesions. We  applied this model
o a prospective cohort of 93 patients and we  found an ORC and
arrel’s c statistic slighter higher when MR  features were added to

he model. Therefore, we obtained a superior discriminatory capac-
ty for outcome prediction in severe head trauma, especially in the

oderate disability patient group.
There are some limitations to our study. Firstly, the major lim-

tation of our series is that it was performed on a selected group
f patients, as our study mainly included patients surviving the
njury with a low mortality rate (12%). In addition, the median
ime between trauma and MR  imaging was 21 days, which meant
hat some patients had relatively lengthy gaps between trauma and

R  imaging (maximum of 60 days) and parenchymal changes may
ccur during this time-period. It has been reported that TAI lesions
isappear during the first 3 months, especially non-haemorrhagic

esions [13]. Recently Toht et al. [27] described how haemorrhagic
AI lesions visualised on susceptibility-weighted imaging (SWI)
row in the first week after brain trauma. SWI  is more sensitive in
etecting micro-haemorrhages compared to T2*GRE, but our study
as performed with conventional MR  sequences. Nor was  the dif-

usion weighted imaging (DWI) sequence included in our analysis.
WI  is very important for demonstrating cytotoxic edema associ-
ted with diffuse axonal injury [28]. Unfortunately, this sequence
as introduced later in our MR  protocol and only half of the patients
ad DWI  performed.

The timing of MR  acquisition is relevant in determining the
rognostic value of imaging findings. It is important to perform
R studies in the first 4 weeks after brain trauma in order to

void attenuation of TAI lesions and improve outcome prediction.
t would have been better if there had been more similarity in the
ime from injury to MR  study, however that was not possible due
o medical and logistical reasons. Lastly, we also consider as a study
imitation the fact that imaging techniques are susceptible to evolve
uring the study period. Although we maintained the same proto-
ol in 1.5T MR  scanners, later sequences were more sensitive to TAI
njuries than earlier ones. This should be taken into account when
dapting our prognostic model to nowadays MR  studies. Future
tudies performed on 3T MR  scanners in TBI patients are therefore
ecommended.

onclusion

This study confirms the prognostic value of the location and
he extent of TAI visible lesions on conventional MR  studies in

BI patients. As our results suggest, prognosis worsens in direct
elationship to the number and the volume of these lesions. In
ur multivariable analysis, we found that haemorrhagic subcorti-
al/basal ganglia TAI lesions, splenium lesions and dorsal brain stem

[

[
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lesions were independent prognostic factors for poor outcome. We
developed a new prognostic model by adding these MR  findings
to the classic prognostic factors. With the use of MR  information,
better predictions regarding final outcome can be made in severe
head trauma, especially in the moderate disability patient group.
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