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OBJECTIVE The aim in this study was to investigate if MRI findings of traumatic axonal injury (TAI) after traumatic brain 
injury (TBI) are related to the admission Glasgow Coma Scale (GCS) score and prolonged duration of posttraumatic 
amnesia (PTA).
METHODS A total of 490 patients with mild to severe TBI underwent brain MRI within 6 weeks of injury (mild TBI: medi-
an 2 days; moderate to severe TBI: median 8 days). The location of TAI lesions and measures of total TAI lesion burden 
(number and volume of lesions on FLAIR and diffusion-weighted imaging and number of lesions on T2*-weighted gradi-
ent echo or susceptibility-weighted imaging) were quantified in a blinded manner for clinical information. The volume of 
contusions on FLAIR was likewise recorded. Associations between GCS score and the location and burden of TAI le-
sions were examined with multiple linear regression, adjusted for age, Marshall CT score (which includes compression of 
basal cisterns, midline shift, and mass lesions), and alcohol intoxication. The predictive value of TAI lesion location and 
burden for duration of PTA > 28 days was analyzed with multiple logistic regression, adjusted for age and Marshall CT 
score. Complete-case analyses of patients with TAI were used for the regression analyses of GCS scores (n = 268) and 
PTA (n = 252).
RESULTS TAI lesions were observed in 58% of patients: in 7% of mild, 69% of moderate, and 93% of severe TBI cases. 
The TAI lesion location associated with the lowest GCS scores were bilateral lesions in the brainstem (mean difference 
in GCS score -2.5), followed by lesions bilaterally in the thalamus, unilaterally in the brainstem, and lesions in the sple-
nium. The volume of TAI on FLAIR was the measure of total lesion burden most strongly associated with the GCS score. 
Bilateral TAI lesions in the thalamus had the largest predictive value for PTA > 28 days (OR 16.2, 95% CI 3.9–87.4). Of 
the measures of total TAI lesion burden, the FLAIR volume of TAI predicted PTA > 28 days the best.
CONCLUSIONS Bilateral TAI lesions in the brainstem and thalamus, as well as the total volume of TAI lesions on 
FLAIR, had the strongest association with the GCS score and prolonged PTA. The current study proposes a first step 
toward a modified classification of TAI, with grades ranked according to their relation to these two measures of clinical 
TBI severity.
https://thejns.org/doi/abs/10.3171/2020.6.JNS20112
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M ri is increasingly used as a diagnostic tool af-
ter traumatic brain injury (TBI). While CT re-
mains the primary imaging modality to assess 

intracranial hematomas and hemorrhagic contusions, MRI 
has a higher sensitivity for parenchymal lesions such as 
traumatic axonal injury (TAI) and nonhemorrhagic corti-
cal contusions.1,2 TAI, also known as diffuse axonal injury, 
occurs after all severities of TBI and is associated with 
functional disability.3,4 Findings of TAI in the hemispheres 
or cerebellum on MRI have been described as TAI grade 1, 
in the corpus callosum as grade 2, and in the brainstem as 
grade 3.1,5 Although not incorporated in this grading, TAI 
can also be found in deep gray matter such as the thala-
mus or basal ganglia.6,7 Advances in MRI technology and 
emerging possibilities of artificial intelligence for quanti-
tative and detailed image reading calls for the development 
of a more comprehensive approach to evaluating TAI le-
sions on MRI.

The clinical injury severity in the acute phase is usu-
ally classified according to the level of consciousness mea-
sured by the Glasgow Coma Scale (GCS).8 The GCS score 
has been shown to be an important predictor of functional 
outcome9 and still decisive for the timing of diagnostic 
procedures and choice of treatment in the management 
of TBI. The duration of posttraumatic amnesia (PTA) has 
also been used as an index of injury severity.10 PTA rep-
resents a period of disorientation, impaired memory, and 
neurobehavioral disturbances in the acute and subacute 
phase after TBI, and is an important predictor of func-
tional outcome and time to return to work.10 Patients in 
PTA need close supervision and specialized care in suit-
able locations.11 Still, little is known about the neuroana-
tomical basis for the prolonged duration of PTA observed 
in some patients.

A comprehensive characterization of TBI, its initial 
severity, and different pathoanatomical entities is a key 
step in achieving precision-medicine approaches to the 
management of TBI.12,13 Although TAI lesions can be de-
scribed in increasing detail on clinical MRI, to date little is 
known of their relation to injury severity and early clinical 
recovery of TBI. Novel insights into the abovementioned 
relationships may help physicians in setting appropriate 
goals for treatment and early rehabilitation and to provide 
realistic outcome expectations.

Hence, this study aimed to investigate how detailed 
information about TAI lesions on clinical MRI were re-
lated to the admission GCS score and prolonged duration 
of PTA. By using multivariable analyses in a large cohort 
of patients, the association to both the location and burden 
of TAI lesions after controlling for other factors could be 
examined. This unique explorative study forms part of the 
larger TAI-MRI project and is the first step toward the 
development of an improved classification system for TAI.

Methods
Three Cohorts of TBI Patients

Patients were selected from the following three pro-
spective cohorts: 1) the Trondheim moderate and severe 
TBI cohort (Trondheim MS-TBI cohort);4 2) the Trond-
heim mild TBI follow-up study (Trondheim m-TBI co-

hort);14 and 3) the Oslo severe TBI cohort (Oslo S-TBI 
cohort).15

The Trondheim MS-TBI cohort consisted of all patients 
admitted to St. Olav’s Hospital, Trondheim University 
Hospital, between October 2004 and October 2017 with 
moderate TBI (GCS scores 9–13 or GCS score 14 or 15 
and loss of consciousness > 5 minutes [6 patients]) or se-
vere TBI (GCS ≤ 8) according to the Head Injury Severity 
Scale. The Trondheim m-TBI cohort consisted of patients 
aged 16–60 years who presented with mild TBI in the hos-
pital emergency department or the municipal outpatient 
emergency department between April 2014 and December 
2015 and who underwent 3T MRI within 72 hours of inju-
ry. Mild TBI was defined according to the WHO criteria: 
GCS scores 13–15, loss of consciousness < 30 minutes, 
and PTA < 24 hours.14 The Oslo S-TBI cohort consisted 
of all patients older than 16 years with a GCS score ≤ 8 at 
some time point within the first 24 hours admitted to Oslo 
University Hospital between January 2009 and January 
2011 as part of a multicenter study on severe TBI.15

Exclusion Criteria
Exclusion criteria for this study were 1) age ≥ 70 years, 

to reduce the prevalence of age-related nonspecific white 
matter hyperintensities,16 and age < 5 years, because of 
low reliability of the GCS score in preschool children;8 2) 
MRI performed > 6 weeks postinjury, due to the attenu-
ation of TAI lesions on MRI over time;17 3) unreadable 
MRI studies due to large artifacts, more than one missing 
MRI sequence (see MRI and Image Reading), or acute is-
chemia/infarction in large-vessel territories on diffusion-
weighted MRI; and 4) inclusion in the CENTER-TBI 
project,18 because it will form part of the validation cohort 
for the future revised TAI classification. The final study 
sample contained 490 patients (Fig. 1).

GCS Score and PTA
GCS scores were registered at admission (postresusci-

tation) or, for intubated patients, before sedation (missing: 
n = 13). For the Trondheim MS-TBI and Oslo S-TBI co-
horts, GCS scores were collected at the scene of injury 
by anesthesiologists (n = 153), at the primary hospital by 
consultants/residents in general surgery (n = 43), or at ad-
mission to the university hospital (n = 132) by consultants 
or residents in neurosurgery, neurology, or trauma surgery. 
Excluding patients aged > 70 years limited the error intro-
duced by dementia. Since alcohol intoxication can affect 
GCS scores, it was included as a covariate in the regres-
sion analyses. The same researchers defined the GCS vari-
able in all three cohorts, limiting the variability. For the 
Trondheim m-TBI cohort, GCS scores were observed by 
the study personnel or recorded from the medical record. 
If lacking, history and clinical descriptions from medical 
records were used to estimate scores (n = 8). For the fi-
nal study sample, TBI was classified solely according to 
the GCS score as mild (score 14 or 15), moderate (scores 
9–13), and severe (scores 3–8). The duration of PTA was 
based on prospective measurements using the Galveston 
Orientation and Amnesia Test or the Orientation Log19 at 
transfer to rehabilitation units if the patient remained in 

Unauthenticated | Downloaded 05/23/23 11:06 PM UTC



J Neurosurg October 23, 2020 3

Moe et al.

PTA. Otherwise, recorded clinical assessment or inter-
views with patients and relatives were used. The duration 
of PTA was recorded as 7-day intervals and > 28 days 
(missing: n = 27).

Other Injury Variables and Classification of CT Findings
Pupillary dilatation at admission, hypoxia (SaO2 < 

90%–92%), and hypotension (systolic blood pressure < 
90 mm Hg) noted before or at admission were recorded. 
Alcohol intoxication was recorded when biochemically 
verified, patient disclosed, or clinically suspected. Ad-
mission CT scans were assigned a Marshall CT score20 
by radiologists or residents in radiology in collaboration 
with neuroradiologists (Trondheim MS-TBI cohort), by re-
viewing the radiology report (Trondheim m-TBI cohort), 
or by neuroradiologists (Oslo S-TBI cohort). Scores of 3 or 
4 indicate compressed basal cisterns or midline shift, and 
scores of 5 or 6 indicate intracranial mass lesion (hema-
toma evacuated at any time point or nonevacuated hema-
tomas > 25 ml).

MRI and Image Reading
MRI was performed at 3T (n = 179), 1.5T (n = 304), or 

1T (n = 7) at St. Olav’s Hospital, Trondheim University 
Hospital, Oslo University Hospital, or one of their refer-
ral hospitals. The MRI protocols are presented in Supple-
mental Table 1 and previous studies.2,4 Patients with more 
than one missing or unreadable scan of FLAIR, diffusion-
weighted imaging (DWI), and either T2*-weighted gradi-
ent echo (GRE) or susceptibility-weighted imaging (SWI) 
were excluded (Fig. 1). A total of 488 patients had FLAIR, 
485 had DWI, 270 had GRE, and 206 had SWI (98% of 
mild TBI had SWI) scans.

All scans were scored blinded for clinical information 
by consultants in radiology (K.G.M., A.M.H.F., E.S., Ø.O., 
and S.A.G.), and according to a template developed by the 
ERA-NET NEURON TAI-MRI partners (project: https://
www.neuron-eranet.eu/_media/TAI-MRI.pdf). The stan-
dard TAI grade1 and the presence of TAI lesions in each 
brain region were recorded based on all available sequenc-
es. For the basal ganglia, thalamus, and brainstem, TAI 

FIG. 1. Flowchart of the 490 included patients. *Unreadable due to poor quality, large artifacts, extensive large-vessel ischemia, 
or more than one MRI sequence was missing. **These excluded patients would later serve as part of a validation cohort for the 
planned modified TAI-MRI classification scheme.
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lesions were also classified as unilateral or bilateral. The 
number of TAI lesions in 58 brain regions were recorded 
for FLAIR, DWI, and T2*-weighted GRE/SWI sequenc-
es. If the count exceeded 10 within one region, a value 
15 was assigned for that specific region.17 The volumes 

of TAI lesions on FLAIR and DWI were manually delin-
eated and then calculated using 3D Slicer version 4.8.0. 
These numbers and volumes of TAI lesions, summarized 
for each sequence, constituted the different measures of 
total TAI lesion burden.

TABLE 1. Patient characteristics, CT, and MRI findings by TBI injury severity

Variable Severe TBI (GCS 3–8) Moderate TBI (GCS 9–13) Mild TBI (GCS 14 or 15)

No. of patients 186 142 162
Age in yrs, median (IQR) 27 (20–42) 32 (21–52) 29 (22–44)
Male/female (% male) 153/33 (82) 102/40 (72) 107/55 (66)
Injury mechanism
 Road traffic accident 108 (58) 61 (43) 43 (27)
 Fall 62 (33) 57 (40) 69 (43)
 Struck object 4 (2) 1 (1) 17 (10)
 Violence 9 (5) 7 (5) 23 (14)
 Other 2 (1) 12 (8) 8 (5)
 Unknown 1 (1) 4 (3) 2 (1)
GCS score, median (IQR) 6 (4–7) 12 (10–13) 15 (15–15)
Hypoxia 67 (36) 11 (8) 0 (0)
Hypotension 48 (26) 11 (8) 0 (0)
Pupil dilatation at admission
 Unilateral 41 (22) 4 (3) 0 (0)
 Bilateral 10 (5) 1 (1) 0 (0)
Alcohol intoxication at admission* 64 (37) 41 (29) 75 (47)
Intubated at scene of injury 117 (63) 26 (18) 1 (1)
PTA in days† 
 0–7 33 (19) 93 (72) 160 (99)
 8–14 21 (12) 13 (10) 0
 15–21 19 (11) 9 (7) 2 (1)
 22–28 19 (11) 5 (4) 0
 >28 79 (46) 10 (8) 0
Marshall CT score‡
 1 20 (11) 24 (17) 117 (89)
 2 86 (46) 81 (57) 10 (8)
 3 or 4 36 (19) 12 (8) 1 (1)
 5 or 6 44 (24) 25 (18) 3 (2)
Evacuated hematoma 42 (23) 22 (15) 2 (1)
TAI location on MRI 173 (93) 98 (69) 11 (7)
 Hemispheres 160 (86) 96 (68) 10 (6)
 Corpus callosum 112 (60) 39 (27) 2 (1)
 Basal ganglia 43 (23) 21 (15) 0
 Thalamus 55 (30) 13 (9) 0
 Brainstem 74 (40) 17 (12) 0
  Mesencephalon 66 (35) 16 (11)
  Pons 34 (18) 5 (4)
  Medulla oblongata 2 (1) 0
Contusions on MRI§ 145 (78) 102 (72) 11 (7)

Values are presented as number (%) unless otherwise indicated.
* Positive blood alcohol content and/or clinical suspicion or confirmation; 17 patients had missing information. 
† Information on PTA was available for 171 patients in the severe TBI group and 130 patients in the moderate TBI group.
‡ Marshall scores were available for 131 patients in the mild TBI group. 
§ Also includes traumatic parenchymal hematomas.
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The total volume of cortical contusions and traumatic 
parenchymal hematomas were combined, hereafter re-
ferred to as contusions. Incidental white matter hyperin-
tensities on FLAIR, with typical periventricular distribu-
tion (“caps and bands”) or in deep white matter, were con-
sidered unrelated to trauma and not included as traumatic 
lesion burden.21 Information from all available sequences 
was used to classify lesions. More details on the MRI 
scoring is presented in the Supplemental Text.

Interrater Agreement for Traumatic Axonal Injury
A total of 30 MRI scans scored by K.G.M. were ran-

domly selected from the Trondheim MS-TBI cohort and 
were independently rescored by Ø.O., A.M.H.F., and E.S. 
Agreement was assessed for the presence of TAI, TAI 
grade, total number of TAI on T2*-weighted GRE/SWI, 
and total volume of TAI on FLAIR and DWI, and of con-
tusions. Interrater reliability for the detection of TAI in 
the Trondheim m-TBI cohort was presented in a previous 
paper (Cohen’s k 0.58, discordance in 7/82 pairs).2

Statistical Analysis
Patient and injury characteristics are presented as fre-

quencies and percentages or medians with IQR (25th–75th 
percentiles). Chi-square tests were used for the compari-
son of proportions and Spearman’s rank correlation coef-
ficient (rs) was used for correlations.

Associations between the MRI variables and the GCS 
score or PTA (dichotomized at 28 days22) were analyzed 
by linear and logistic regressions, respectively. Only pa-
tients with at least one TAI lesion on one MRI sequence 
were included in the regression analyses due to the large 
proportion of mild TBI patients without MRI findings. 
The number and volume of lesions were log-transformed 
using the natural logarithm before being included as co-
variates in the regression models. Lesion burden values of 
0 could not be log-transformed, so a dichotomous variable 
indicating the presence or absence of TAI was included. 
Multiple regression analyses were adjusted for age and 
Marshall CT score (collapsed into four levels [scores 1, 
2, 3 or 4, and 5 or 6] and analyzed as a nominal variable) 
both in models of GCS score and PTA, and also for alco-
hol intoxication in models of the GCS score.

QQ-plots were used to assess linear regression models 
for normally distributed residuals. The Akaike informa-
tion criterion (AIC; lower values indicate a better fit), ad-
justed R2 (linear regression) and McFadden’s pseudo R2 
(logistic regression) assessed model fit. Receiver operating 
characteristic (ROC) curves and DeLong’s test for differ-
ences in area under the ROC curves (AUCs) were used to 
compare different models for PTA > 28 days. Complete-
case analyses for patients with TAI were used for the re-
gression analyses (GCS models: n = 268; PTA models: n 
= 252). Due to collinearity, no more than one measure of 
total TAI lesion burden was entered in each regression 
model.

Interrater reliability for the presence or absence of TAI 
was evaluated with specific positive and negative agree-
ment.23 The intraclass correlation coefficient (ICC; two-
way random-effects model for agreement) measured the 

interrater reliability for ordinal and continuous variables. 
All counts/volumes were analyzed as ln (value + 1) be-
cause a normal assumption is made when calculating ICC. 
ICC < 0.40 indicated poor, 0.40–0.59 fair, 0.60–0.74 good, 
and 0.75–1 excellent agreement;24 p < 0.05 was considered 
statistically significant. The statistical analyses were per-
formed using R version 3.5.1 (https://www.r-project.org/).

Ethics
The study was approved by the Regional Committee 

for Medical Research Ethics and informed consent was 
obtained from the patients, or, when incapacitated or 
younger than 16 years, their next of kin.

Results
Demographics, Injury Characteristics, and MRI Findings

Included patients did not differ from excluded patients 
with regard to sex or GCS score, but included patients 
were younger (p < 0.001). Patient and injury characteris-
tics for the MRI cohort are presented in Table 1. Patients 
with mild TBI underwent MRI at a median of 2 days (IQR 
2–3 days), moderate TBI at a median of 6 days (IQR 3–14 
days, p < 0.001), and severe TBI at a median of 9 days 
(IQR 5–17 days, p = 0.011) postinjury. TAI was present in 
58% of patients (282/490), and contusions were present on 
MRI in 53% of patients. The total volume of TAI lesions 
on FLAIR and DWI were strongly correlated (rs = 0.78; 
Supplemental Table 2).

Occurrence of TAI, TAI Lesion Location, and GCS Scores
The proportions of patients with TAI for each GCS 

score are presented in Fig. 2, and differed between patients 
with mild (7%), moderate (69%), and severe (93%) TBI 
(p < 0.001) (Table 1). The strongest association between 
TAI and the GCS score (i.e., largest estimated effect in 
the analyses), irrespective of MRI sequence, was found for 
bilateral lesions in the brainstem (mean difference in GCS 
score -2.5), followed by bilateral thalamic lesions (-1.6), 
unilateral brainstem lesions (-1.6), and lesions in the cor-
pus callosum (-1.5) (Table 2). The association remained 
high for brainstem lesions after adjusting for the total TAI 
lesion burden (volume of TAI lesions on FLAIR).

Subsequently, the different main locations of TAI le-
sions were further divided into sublocations and incorpo-
rated into another regression model (Supplemental Table 
3). The estimated effect on the GCS score was -1.3 (p = 
0.009) for TAI in the splenium and -1.5 for TAI in the 
mesencephalon (p = 0.004).

Total Burden of TAI Lesions and GCS Scores
The total number and volume of TAI lesions were sig-

nificantly associated with the GCS score, whereas the to-
tal volume of contusions was not (Table 3). The volume of 
TAI on FLAIR and DWI provided better models for the 
GCS score than the number of TAI lesions on FLAIR, 
DWI, and T2*-weighted GRE/SWI (lower AIC and high-
er adjusted R2), both for simple and multiple regressions. 
The association of TAI lesion volume and GCS score was 
slightly stronger for DWI than FLAIR, but FLAIR vol-
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ume provided a better model fit. Using the volume of TAI 
on FLAIR for each brain region instead of the total vol-
ume did not improve the regression model fit (AIC 1382 vs 
1377; Supplemental Table 4).

TAI Lesions and Prolonged Duration of PTA
TAI lesions were found in 34% of patients with PTA for 

0–7 days (96/286), 92% with PTA for 8–27 days (81/88), 
and 96% with PTA for > 28 days (85/89, p < 0.001). Mul-
tiple logistic regression showed that bilateral TAI in the 
thalamus (OR 16.2) and in the brainstem (OR 4.2) led to 
the largest OR for PTA > 28 days of all TAI findings (Ta-

ble 4). Bilateral TAI in the thalamus and in the brainstem 
remained important predictors for prolonged PTA also 
after adjusting for the total TAI lesion burden (volume of 
TAI lesions on FLAIR). Among the different measures 
of total TAI lesion burden, the total volume of TAI on 
FLAIR and DWI had the strongest predictive value for 
PTA > 28 days (Table 3). High ORs for PTA > 28 days 
were also found for Marshall CT scores 3–6 in patients 
with TAI (OR 9.3–12.3).

Modified TAI-MRI Classification Scheme
Based on the results of the regression analyses, TAI le-

TABLE 2. Relationship between the location of TAI lesions and the GCS score in patients with TAI

TAI Location
No. of 

Patients
Model I* Model II†

Estimate (95% CI) p Value Estimate (95% CI) p Value

Hemispheres 253 0.5 (-1.1 to 2.2) 0.525 0.9 (-0.7 to 2.6) 0.276
Corpus callosum 144 -1.5 (-2.3 to -0.7) <0.001 -0.8 (-1.7 to 0.1) 0.070
Unilateral brainstem 51 -1.6 (-2.6 to -0.6) 0.002 -1.4 (-2.4 to -0.4) 0.006
Bilateral brainstem 32 -2.5 (-3.8 to -1.1) <0.001 -1.9 (-3.3 to -0.5) 0.007
Unilateral thalamus 41 -0.3 (-1.4 to 0.9) 0.654 -0.1 (-1.2 to 1.0) 0.855
Bilateral thalamus 20 -1.6 (-3.2 to 0.0) 0.051 -0.8 (-2.5 to 0.8) 0.319
Unilateral basal ganglia 45 0.2 (-0.8 to 1.2) 0.699 0.3 (-0.7 to 1.3) 0.564
Bilateral basal ganglia 15 -0.9 (-2.7 to 0.9) 0.340 -0.7 (-2.5 to 1.1) 0.457
Total vol of FLAIR-TAI 229 – – -0.6 (-0.9 to -0.2) 0.001

* Model I = multiple linear regression analysis adjusted for age, Marshall CT score, and alcohol intoxication. AIC = 
1376; adjusted R2 = 0.25.
† Model II = model I + total volume of TAI on FLAIR. AIC = 1367; adjusted R2 = 0.28.

FIG. 2. The percentages of patients with TAI stratified by GCS score. Patients with mass lesions (n = 72) are not included in the 
figure. The total number of patients for each GCS score (regardless of MRI findings) is shown on top of the bars.
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TABLE 3. Relationship between the total burden of TAI lesions, GCS score, and prolonged duration of PTA

rs

Linear Regression for GCS Scores
Simple Regression Analysis Multiple Regression Analysis*

Estimate (95% CI) p Value Adj R2 AIC Estimate (95% CI) p Value Adj R2 AIC

TAI lesions†
 No. on FLAIR -0.27 -0.7 (-1.2 to -0.3) 0.001 0.06 1427 -0.7 (-1.2 to -0.3) 0.001 0.13 1412
 Vol on FLAIR -0.42 -0.9 (-1.2 to -0.7) <0.001 0.17 1392 -0.9 (-1.2 to -0.7) <0.001 0.23 1377
 No. on DWI -0.22 -0.7 (-1.2 to -0.2) 0.007 0.04 1433 -0.5 (-1.0 to 0.0) 0.059 0.10 1419
 Vol on DWI -0.32 -1.1 (-1.4 to -0.8) <0.001 0.15 1400 -1.0 (-1.3 to -0.6) <0.001 0.19 1391
 No. on T2*-weighted GRE/SWI -0.14 -0.5 (-0.9 to -0.2) 0.003 0.03 1436 -0.6 (-1.0 to -0.3) <0.001 0.10 1419
Contusions‡
 Vol of contusions 0.01 0.0 (-0.3 to 0.2) 0.754 0 NA -0.1 (-0.3 to 0.2) 0.693 0.03 NA

Logistic Regression for PTA >28 Days
Simple Regression Analysis Multiple Regression Analysis*

OR (95% CI) p Value Pseudo R2 AIC OR (95% CI) p Value Pseudo R2 AIC

TAI lesions†
 No. on FLAIR 2.00 (1.47 to 2.79) <0.001 0.07 303 2.40 (1.67 to 3.55) <0.001 0.19 270
 Vol on FLAIR 2.22 (1.73 to 2.94) <0.001 0.16 272 2.44 (1.84 to 3.37) <0.001 0.27 246
 No. on DWI 2.10 (1.50 to 3.02) <0.001 0.07 303 2.30 (1.58 to 3.47) <0.001 0.18 274
 Vol on DWI 2.68 (1.95 to 3.86) <0.001 0.16 273 2.79 (1.97 to 4.16) <0.001 0.25 251
 No. on T2*-weighted GRE/SWI 1.52 (1.20 to 1.96) 0.001 0.04 312 1.88 (1.41 to 2.57) <0.001 0.18 275
Contusions‡
 Vol of contusions 1.22 (1.04 to 1.44) 0.017 0.02 NA 1.12 (0.93 to 1.35) 0.226 0.07 NA

Adj = adjusted; NA = applicable; no. = number of lesions; pseudo R2 = McFadden’s pseudo R2; rs = Spearman’s rank correlation coefficient; vol = lesion volume.
Spearman’s rank correlation (rs) was calculated on the original data and regression analyses on log-transformed counts and volumes.
* The multiple regression analyses were adjusted for age and Marshall CT scores both in analyses of GCS scores and PTA, and for alcohol intoxication in the analyses 
of GCS scores.
† Complete-case analyses of patients with TAI on at least one sequence (analyses of GCS score: n = 268; analyses of PTA: n = 252); 229 patients had TAI on FLAIR, 
178 on DWI, and 241 on T2*-weighted GRE/SWI.
‡ Complete-case analyses of patients with contusions on MRI (analyses of GCS score: n = 239; analyses of PTA: n = 222). Also includes traumatic parenchymal 
hematomas.

TABLE 4. Relationship between the location of TAI lesions and PTA duration > 28 days in patients with TAI (n = 252)

Variable
Model I* Model II†

OR (95% CI) p Value OR (95% CI) p Value

Age 1.02 (1.00–1.05) 0.022 1.03 (1.00–1.05) 0.019
Marshall CT score
 1 Ref NA Ref NA
 2 2.41 (0.70–11.65) 0.207 2.21 (0.59–11.41) 0.279
 3 or 4 12.25 (3.18–64.10) <0.001 10.52 (2.56–58.98) 0.003
 5 or 6 9.28 (2.51–47.21) 0.002 10.89 (2.65–61.57) 0.002
TAI in hemispheres 0.81 (0.21–3.23) 0.764 0.70 (0.15–3.19) 0.645
TAI in corpus callosum 2.11 (1.03–4.39) 0.042 1.43 (0.61–3.38) 0.407
Unilateral TAI in brainstem 1.98 (0.88–4.46) 0.097 2.11 (0.89–5.01) 0.087
Bilateral TAI in brainstem 4.20 (1.27–15.31) 0.022 3.74 (1.03–14.77) 0.050
Unilateral TAI in thalamus 2.14 (0.87–5.27) 0.095 1.75 (0.68–4.47) 0.242
Bilateral TAI in thalamus 16.16 (3.94–87.38) <0.001 9.57 (2.09–54.83) 0.006
Unilateral TAI in basal ganglia 0.62 (0.24–1.54) 0.317 0.50 (0.18–1.30) 0.168
Bilateral TAI in basal ganglia 1.94 (0.34–11.72) 0.456 2.37 (0.38–13.81) 0.338
Total vol of FLAIR-TAI 1.87 (1.34–2.70) <0.001

* Model I = multiple logistic regression analysis. AIC = 252; pseudo R2 = 0.29.
† Model II = model I + total volume of TAI on FLAIR. AIC = 239; pseudo R2 = 0.34.
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sions were ranked with regard to their relation to injury se-
verity and presented as a possible modified TAI-MRI clas-
sification system (Fig. 3). ROC curves were constructed to 
visualize the ability of the multiple regression models, as 
well as the standard TAI grade and the modified TAI-MRI 
classification, to predict PTA > 28 days (Fig. 4).

Interrater Reliability
The positive and negative agreement for the presence 

or absence of TAI were 0.90 (95% CI 0.77–0.95) and 0.69 
(95% CI 0.42–0.84), respectively. The ICC was 0.78 for 
the classification of TAI grade, 0.86 and 0.84 for the total 
volume of TAI on FLAIR and DWI, respectively, 0.88 for 
the total number of TAI on T2*-weighted GRE/SWI, and 
0.85 for the volume of contusions.

Discussion
This large, prospective MRI study demonstrated that 

both the location and total burden of TAI lesions were 
associated with the level of consciousness at the scene of 
injury or at admission and prolonged duration of PTA. Bi-
lateral TAI lesions in the brainstem was the MRI finding 
associated with the lowest GCS scores, followed by TAI le-
sions bilaterally in the thalamus, unilaterally in the brain-
stem, and lesions in the splenium of the corpus callosum. 
Patients with bilateral TAI in the thalamus had the highest 
odds ratios for having a prolonged duration of PTA, fol-
lowed by bilateral TAI in the brainstem. The measures of 
total TAI lesion burden that were most strongly associated 
with both the GCS score and prolonged duration of PTA 
were the total volumes of TAI on FLAIR and DWI.

FIG. 3. The standard TAI grade compared with a modified TAI grade, their relation to the GCS score at the scene of injury or at 
admission (A), and their ability to discriminate between duration of posttraumatic amnesia intervals (B). Patients with mass lesions 
were excluded from the top two boxplots describing the relationship between the depth of lesions and the GCS score. incl. = 
including.
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Location of TAI Lesions and the GCS Score
We found that bilateral TAI lesions in the brainstem 

had the largest impact on the GCS score. However, bilat-
eral thalamic lesions, unilateral brainstem lesions, and le-
sions in the splenium were also associated with lower GCS 
scores. Thus, the current study supports a severity gradient 
of TAI from superficial to deep lesions.25–28 Based on ex-
perimental work in pigs, and in a review of pathology and 
imaging studies, it has been argued that a decreased level 
of consciousness is due to the distribution of TAI lesions 
and especially affection of the brainstem rather than the 
total quantity of TAI lesions.29,30 This hypothesis is partly 
supported by the current results, where the presence of 
TAI in the brainstem was associated with a large decrease 
in GCS score also after controlling for the total volume 
of TAI on FLAIR. On the other hand, the total volume 
of TAI on FLAIR also remained important for the GCS 
score after controlling for lesion location. Thus, a low GCS 
score at admission could, besides a significant mass lesion 
or general edema, suggest bilateral TAI in the brainstem, 
extensive TAI lesions throughout the brain, or all of the 
above.

Total Burden of TAI Lesions and the GCS Score
All the different measures of total TAI lesion burden 

were related to the GCS score, but the strongest associa-
tions were found for the volume of TAI on FLAIR and 
DWI. Previous studies have reported contradicting results 
concerning the relationship between the GCS score and 

the total number or volume of lesions on T2*-weighted 
GRE31–35 and FLAIR.35 Somewhat similar to our results, 
one of these studies reported that the volume of lesions on 
DWI had the strongest association with the GCS score.34 
However, these studies all had smaller sample sizes (n ≤ 
66) and either did not account for mass lesions and po-
tential confounders or did not differentiate between con-
tusions and TAI. In fact, the current study found little 
to no association between the volume of contusions on 
MRI and injury severity, demonstrating that such lesions 
and TAI lesions should be classified separately. Also, the 
strong correlation between the TAI volumes measured on 
FLAIR and DWI suggests that performing only FLAIR 
of the two could be sufficient in patients in whom clinical 
factors limit the feasibility of a more comprehensive MRI 
protocol.

Location and Total Burden of TAI Lesions and  
Prolonged PTA

Regardless of the total burden or presence of TAI else-
where, bilateral TAI in the thalamus, followed by bilateral 
TAI in the brainstem, were the MRI findings that most 
strongly predicted prolonged PTA. Other important risk 
factors were mass lesions or general edema on CT (high 
Marshall CT scores). These findings represent novel in-
sight into the reasons for prolonged PTA. The total burden 
of TAI lesions also significantly predicted prolonged PTA, 
and the relationship was strongest for the volume of TAI 
on FLAIR and DWI. Another TBI study (n = 65) found no 

FIG. 4. ROC curves for different models predicting prolonged duration of PTA. A: The curves correspond to model I (red dashed 
curve) and model II (black solid curve) in Table 4. A curve representing a predictive model consisting of only age and Marshall 
CT score is presented for comparison (blue dotted curve). B: The curves correspond to the predictive value of the modified TAI 
grade (black solid curve) and the standard TAI grade (red dashed curve) for PTA > 28 days in multiple logistic regression models 
that also included age and Marshall CT score. A curve representing a predictive model containing only age and Marshall CT score 
is shown for comparison (blue dotted curve). *The model with the modified TAI-MRI grading system yielded a significantly larger 
AUC compared with the standard TAI grading system (p = 0.011).
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correlation between PTA duration and the total number 
of TAI lesions on T2*-weighted GRE, while a correlation 
was found for the number of lesions in the corpus callosum 
and hippocampus.36 Supporting the current results, a study 
using diffusion tensor imaging in the chronic stage of TBI 
showed an association between longer duration of PTA 
and increased disruption of the microstructure in several 
white matter tracts and the thalamus.37 Parts of the thala-
mus are closely interconnected with the mammillary bod-
ies and the hippocampus, and their integrity is likely criti-
cal for learning and memory.38 Moreover, strokes in cer-
tain thalamic regions are known to produce an amnestic 
syndrome similar to that of Korsakoff syndrome.38 Thus, 
high Marshall CT scores, and the quantity and distribution 
of TAI lesions on MRI, especially bilateral thalamic le-
sions, could serve as radiological biomarkers of patients at 
risk for prolonged PTA. Being able to predict a longer tra-
jectory of recovery would be of great value to physicians 
when planning rehabilitation interventions and in guiding 
the expectations of patients and their families.

Modified TAI-MRI Classification
To summarize and simplify the relationship between 

TAI and injury severity described in Tables 2 and 4, we 
propose a first step toward a modified, pragmatic TAI clas-
sification system, where grades are ranked from the largest 
to smallest impact on injury severity:
3) Bilateral TAI in the brainstem and/or thalamus
2) Unilateral TAI in the brainstem and/or TAI in the sple-

nium of corpus callosum
1) TAI in the

B) genu/truncus of corpus callosum
A) hemispheres/cerebellum (including unilateral thala-

mus lesions).
We emphasize that this suggestion is based on injury 

severity, where the change in TAI grade 3 is the most con-
vincing result. However, this might be modified in follow-
up studies, since the predictive value for outcome will be 
more important in clinical practice. The models that best 
explained variations in GCS scores and had the highest 
AUC for prediction of prolonged PTA included both TAI 
lesion location and total TAI lesion volume on FLAIR. 
However, manual estimation of lesion volumes on MRI is 
a time-consuming task. In the future, this process may be 
automated and performed by artificial intelligence tech-
nology. Until then, a location-based assessment of TAI le-
sions may be sufficient for the classification of injury, or 
even a surrogate marker for the total burden of lesions.

Study Strengths and Limitations
The prospective data collection is a notable strength of 

this study. Moreover, the large number of patients made it 
possible to perform multiple regression analyses to con-
trol for other factors affecting the GCS score and PTA 
duration, such as alcohol intoxication and mass lesions. 
Furthermore, MRI scans were read blinded for clinical 
information, using an internationally developed, compre-
hensive scoring template, which included manual estima-
tions of the number and volume of lesions, even at a sub-
structure level. To our knowledge, no previous studies have 

systematically mapped MRI lesions this thoroughly. The 
interrater agreement was excellent for the standard TAI 
grade and total TAI lesion burden. The early MRI in a 
cohort of this size is another strength of this study.

This study had some limitations. First, some selection 
bias will likely be present, as severely injured patients 
sometimes are not sufficiently stable to undergo early 
MRI, or even die before MRI can be performed. Second, 
a variety of MRI scanners were used, and the three differ-
ent cohorts had somewhat differing MRI protocols. Also, 
most of the patients with moderate to severe TBI under-
went MRI on a 1.5T unit using T2*-weighted GRE, which 
has lower sensitivity to detect TAI lesions compared with 
3T MRI39 and SWI,40 which were used for almost all pa-
tients with mild TBI. Still, very few patients with mild TBI 
had MRI findings; thus, we consider the bias introduced as 
limited. Third, the time to MRI varied between patients, 
and lesions on FLAIR and DWI are known to attenuate 
over time.17 However, because MRI was performed later 
after severe TBI, the association between GCS scores and 
TAI lesions on FLAIR and DWI might have been even 
stronger had MRI been performed earlier. Finally, the 
use of validated scales for PTA assessment in all patients 
would have been preferable. Unfortunately, such tools are 
mostly used by rehabilitation professionals rather than in a 
neurosurgical ward. Additionally, intubation and sedation 
of TBI patients interferes with PTA assessment in the early 
phase. However, a cutoff for PTA of 28 days limited this 
problem.

Conclusions
This is one of the largest prospective studies of TBI pa-

tients with early MRI, and the first to use multivariable 
analyses in assessing the relationship between TAI lesions 
and injury severity. The current study demonstrated that 
bilateral TAI lesions in the brainstem were especially as-
sociated with low GCS scores. It also sheds novel light 
on the pathoanatomical basis of prolonged PTA after TBI, 
where bilateral TAI in the thalamus was found to be of 
particular importance. The total burden of TAI lesions, es-
pecially the volume of TAI lesions on FLAIR and DWI, 
were associated with both the GCS score at the scene of 
injury or at admission and late recovery of orientation and 
memory after TBI. This study presents a first step toward 
a modified, pragmatic classification system for TAI le-
sions on clinical MRI based on the lesion’s relationship 
with injury severity, which includes bilateral lesions in 
the brainstem and thalamus as part of the grading. Such a 
system may serve as a guide for upcoming studies in the 
TAI-MRI project evaluating the importance of TAI lesion 
location and burden for patient outcome. A final modi-
fied classification scheme will be proposed after combin-
ing data from the ERA-NET TAI-MRI partners and the 
CENTER-TBI study.
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