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Cytotoxic Edema Associated with Hemorrhage Predicts
Poor Outcome after Traumatic Brain Injury

L. Christine Turtzo, Marie Luby, Neekita Jikaria,> Allison Diane Griffin,” Danielle Greenman,” Reinoud P.H. Bokkers;
Gunjan Parikh,** Nicole Peterkin? Mark Whiting,” and Lawrence L. Latour'**

Abstract

Magnetic resonance imaging (MRI) is used rarely in the acute evaluation of traumatic brain injury (TBI) but
may identify findings of clinical importance not detected by computed tomography (CT). We aimed to char-
acterize the association of cytotoxic edema and hemorrhage, including traumatic microbleeds, on MRI
obtained within hours of acute head trauma and investigated the relationship to clinical outcomes. Patients
prospectively enrolled in the Traumatic Head Injury Neuroimaging Classification study (NCT01132937) with
evidence of diffusion-related findings or hemorrhage on neuroimaging were included. Blinded interpreta-
tion of MRI for diffusion-weighted lesions and hemorrhage was conducted, with subsequent quantification
of apparent diffusion coefficient (ADC) values. Of 161 who met criteria, 82 patients had conspicuous hyper-
intense lesions on diffusion-weighted imaging (DWI) with corresponding regions of hypointense ADC in
proximity to hemorrhage. Median time from injury to MRl was 21 (10-30) h. Median ADC values per patient
grouped by time from injury to MRI were lowest within 24 h after injury. The ADC values associated with
hemorrhagic lesions are lowest early after injury, with an increase in diffusion during the subacute period,
suggesting transformation from cytotoxic to vasogenic edema during the subacute post-injury period. Of
118 patients with outcome data, 60 had Glasgow Outcome Scale Extended scores <6 at 30/90 days post-
injury. Cytotoxic edema on MRI (odds ratio [OR] 2.91 [1.32-6.37], p=0.008) and TBI severity (OR 2.51 [1.32-
4.74], p=0.005) were independent predictors of outcome. These findings suggest that in patients with TBI
who had findings of hemorrhage on CT, patients with DWI/ADC lesions on MRI are more likely to do worse.

Keywords: apparent diffusion coefficient; cytotoxic edema; diffusion-weighted imaging; hemorrhage; magnetic

resonance imaging; traumatic brain injury

Introduction

Cerebral edema contributes to the pathogenesis of second-
ary injury after traumatic brain injury (TBI) and stroke.'™
The failure of energy-dependent processes can lead to
cytotoxic edema, which appears on acute magnetic
resonance imaging (MRI) as a hyperintense signal on
diffusion-weighted imaging (DWI), caused by a correlated
decrease in the apparent diffusion coefficient (ADC) of
water. With hemorrhagic transformation, a mix of cyto-
toxic and vasogenic edema occurs, with an evolution to-
ward the latter over 5 to 10 days, accompanied by
normalization of the ADC as water mobility increases.* '

The cause of the vasogenic edema remains an area of
active investigation, potentially attributable to the acute
immune response and amenable to therapy. Because MRI
and especially serial MRI are used rarely in the acute setting
for TBI, it is unknown whether traumatic lesions undergo a
similar transformation from cytotoxic to vasogenic.

Identification of acute cytotoxic edema after TBI has
important clinical implications. While vasogenic edema
is, in principle, reversible, lesions identified as cytotoxic
on acute MRI may represent non-viable tissue and be an
independent predictor of poor outcome. Evidence of
large hemorrhagic lesions is a known predictor of poor
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outcome in moderate and severe TBI, presumably in part
because of concomitant parenchymal injury leading to
cell death.” In patients with mild TBI, however, the rela-
tionship between acute hemorrhage and outcome has not
been investigated thoroughly, leading to conflicting find-
ings. Although molecular processes involved in cytotoxic
and vasogenic edema are interrelated,” distinct therapeu-
tic approaches would be beneficial for patients with MRI-
identified acute cytotoxic edema.

After TBI of all severities, traumatic microbleeds
(TMBs) predict poor outcome and may be indicative of
primary traumatic vascular injury.'*'* We hypothesized
that traumatic vascular injury may be associated with
early cytotoxic edema, with subsequent evolution toward
vasogenic edema. Tissue ADC values in proximity to
TMBs or larger traumatic lesions such as contusion or
intraparenchymal hemorrhage (IPH) would then be low
early after injury. With increasing time from injury,
ADC values would be isointense—i.e., normalize, as de-
scribed in stroke studies. We further hypothesized that
cytotoxic edema associated with traumatic vascular in-
jury could predict poor clinical outcome.

The goals of this study are to: (1) describe the con-
cordance of DWI hyperintense lesions with the pres-
ence and type of hemorrhage and associated ADC
lesions, (2) quantify acute values and temporal evolu-
tion of hemorrhage-associated ADC, in particular
TMBs, over the first week after TBI, and (3) determine
whether cytotoxic edema associated with vascular in-
jury is a predictor of clinical outcome.

Methods
Additional details are available in Supplementary Methods.

Patient population and study design

This is an observational cohort analysis of adult patients
with TBI prospectively enrolled in the Institutional Review
Board approved Traumatic Head Injury Neuroimaging
Classification (THINC) study (NCT01132937) from Octo-
ber 2010 to May 2017. Written informed consent was
obtained before any research procedures. Enrolled patients
were included for retrospective analysis if they had (i) com-
pleted baseline visit with MRI within 48 h of injury, (ii) an
imaging target defined as an acute or subacute lesion on
DWI, or hemorrhage on MRI or computed tomography
(CT), including TMB, contusion, IPH, or subarachnoid
hemorrhage, (iii) Glasgow Coma Scale (GCS) score
assessed at baseline, and (iv) one-week follow-up MRI
(Fig. 1). Optional follow-up visits with Glasgow Outcome
Scale Extended (GOSE) occurred at 30 and 90 days.

Image acquisition
Patients were imaged for research purposes on a 1.5T
(GE Healthcare, USA) or a 3T (Siemens, USA or Phil-

lips, USA) MRI scanner using a standardized imaging
protocol, appropriate for imaging in an acute care set-
ting'® and approximately 30 min in duration. The imag-
ing protocol included (i) diffusion tensor imaging and
DWI/ADC, (ii) T2*, (iii) T2-weighted fluid attenuated
inversion recovery (FLAIR), (iv) three dimensional
(3D)-T1 SPGR, (v) two-dimensional (2D)-T1 weighted,
(vi) either dynamic susceptibility contrast perfusion or
dynamic FLAIR during injection of a single weight-
adjusted dose of gadolinium-based contrast agent at
SmlL/sec, (vii) post-contrast 2D-T1, and (viii) post-
contrast FLAIR.

Image analysis

Image interpretation and analysis were completed in two
stages with blinding to minimize investigator bias: (i) in-
dependent raters reviewed imaging for qualitative identi-
fication of focal lesions on DWI/ADC to determine their
concordance with evidence of blood on T2* imaging and
to classify the type of all hemorrhagic lesions observed
for each patient, irrespective of association with diffusion
changes; and (ii) the quantitative ADC value in areas of
focal DWI hyperintensity was assessed by a separate
set of trained raters independent of the findings from
the qualitative consensus review. Only after quantitative
measurements were complete were labels matched for
statistical analysis, with each focal lesion assigned to a
single type of lesion.

Statistical analysis
Interrater agreement was assessed using the Cohen
kappa. Mean or median are reported, and non-parametric
testing (Wilcoxon rank-sum and Mann-Whitney U) was
used unless normality could be established (Kolmogorov-
Smirnov test) for univariate analysis; categorical vari-
ables are presented as proportions (chi-square or Fisher
exact tests). Baseline variables were compared between
patients with and without evidence of cytotoxic edema,
for all patients and excluding moderate and severe TBI.
Univariate analysis was performed on predictors of
residual disability (defined as GOSE score <6 from latest
available of 30- or 90-day follow-up), for all patients and
excluding moderate and severe TBI. Stepwise logistic re-
gression was used to test for independence using p=0.05
for entry and p=0.1 for removal. Statistical analysis was
performed in IBM SPSS™ (Version 26).

Results

Patient population

One-hundred sixty-one patients met criteria and were
included in this study as follows: consent was obtained
from 641 patients from October 2010 to May 2017, 575
completed baseline imaging, 225 had an imaging tar-
get (defined as acute or subacute lesion on DWI, or
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641 patients enrolled in THINC: October 2010 to May 201D
o 66exclded: |
v (Incomplete baseline MRI |
[ 575 with complete baseline imaging |
y  3B0excuded: |
10 _No visible imaging target |
[ 225 with imaging target |
,  60excluded: |
L l_lnctﬂpfet_e follo_w—uwRI_l
| 165 with complete follow-up MRI |
" 4excluded:” T
3 "L Unavailable GCS
161 with demographic and presentation data,
imaging target,
baseline and follow-up MRI complete
v I v
[ Acute cytotoxic edema analysis | [  DWI lesions with TMB analysis | | Qutcome analysis |
™ 107 excluded: | _)r ‘43 excluded: |
I_No ﬂelechie_TMB 3, LNo Eiow;up Ci)SE_I
~ v
54 patients with DWI lesions
proximal to traumatic microbleeds 13 complete GOSE at foliow-0p
™ 2excluded:
L Motion artifact |
b b h 4
161 patients with imaging targets 52 patients with DWI/TMB targets 118 patients with follow-up GOSE
132 subconcussive 29 moderate 35 subconcussive 17 moderate 95 subconcussive 23 moderate
or mild TBI or severe TBI or mild TBI or severe TBI or mild TBI or severe TBI
FIG. 1. Flowchart of study patient inclusion and exclusion. THINC, Traumatic Head Injury Neuroimaging
Classification study (NCT01132937); MRI, magnetic resonance imaging; GCS, Glasgow Coma Scale; DWI,
diffusion-weighted imaging; TMB, traumatic microbleed; GOSE, Glasgow Outcome Scale Extended; TBI,
traumatic brain injury.
. J

hemorrhage on MRI or CT), 165 completed follow-up
MRI, and four were excluded because of unavailable
GCS score (see flowchart in Fig. 1).

Demographics and baseline data are presented in
Table 1. Patients were predominantly male (73%).
Twenty-nine (18%) were classified as having moderate or
severe TBI. Median times from injury to clinical CT and
to research MRI were 1.7 (1.1-6.4) and 21 (10-30) h. A

majority of the included patients (59%) had evidence of
acute blood on CT, largely attributable to extra-axial hem-
orrhage. Of the 20% of patients who were CT negative but
MRI positive, 94% had TMBs.

Temporal evolution of cytotoxic edema
Figure 2 displays examples of DWI hyperintense lesions
on research MRI, stratified by proximity of hemorrhagic
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Table 1. Patients Stratified by Absence or Presence of Cytotoxic Edema

Total Absence Presence p
(n=161) n=79) (n=82)
Demographics
Age (median, IQR) 54 (33-66) 57 (38-66) 49 (29-65) 0.24
18-30 35 (22%) 13 (16%) 22 (27%) 0.26
31-64 80 (50%) 41 (52% 39 (48%)
65 + 46 (29%) 25 (32%) 21 (26%)
Male 117 (73%) 53 (67%) 64 (78%) 0.15
Race
White 112 (70%) 50 (63%) 62 (75%) 0.13
African American 38 (23%) 24 (30%) 14 (17%)
Other 11 (7%) 5 (6%) 6 (7%)
Clinical Presentation
Trauma Level I 85 (52%) 38 (48%) 47 (57%) 0.27
Clinical Dx intracranial hemorrhage 92 (57%) 32 (40%) 60 (73%) < 0.001
Clinical Dx of TBI 114 (70%) 51 (64%) 63 (76%) 0.11
ED discharge disposition
Floor 54 (38%) 35 (55%) 19 (24%) 0.001
Stepdown unit 5 (3%) 2 (3%) 3 (3%)
ICU 85 (53%) 27 (34%) 58 (71%)
Injury cause
Road traffic accident 62 (39%) 33 (41%) 29 (35%) 0.81
Incidental fall 72 (44%) 34 (43%) 38 (46%)
Violence/assault 17 (10%) 7 (8%) 10 (12%)
Other 10 (6%) 5 (6%) 5 (6%)
Injury mechanism
Acceleration/deceleration 32 (20%) 18 (23%) 14 (17%) 0.59
Direct impact-blow to head 40 (25%) 19 (24%) 21 (25%)
Direct impact-head against object 25 (15%) 12 (15%) 13 (15%)
Fall-ground floor 40 (25%) 21 (26%) 19 (23%)
Fall from height >1 m 23 (14%) 8 (10%) 15 (18%)
GCS
15 112 (70%) 63 (80%) 49 (60%) 0.02
14 31 (19%) 11 (14%) 20 (24%)
<13 18 (11%) 5 (6%) 13 (16%)
LOC reported 100 (62%) 42 (53%) 58 (70%) 0.02
PTA reported 109 (68%) 51 (65%) 58 (71%) 0.50
TBI severity
Subconcussive 33 (21%) 21 (27%) 12 (15%) 0.12
Mild 99 (61%) 48 (61%) 51 (62%)
Moderate 21 (13%) 8 (10%) 13 (16%)
Severe 8 (5%) 2 (2%) 6 (7%)
Imaging Findings
CT-Clinical
Hours—injury to CT (median, IQR) 1.68 (1.1-6.4) 1.66 (1.2-5.4) 1.68 (1.1-7.5) 0.98
CT positive for TBI 95 (59%) 31 (39%) 64 (78%) <0.001
Intraparenchymal hematoma 38 (24%) 25 (30%) 13 (16%) 0.04
Extra-axial hemorrhage 88 (55%) 28 (35%) 60 (73%) <0.001
Skull fracture 36 (22%) 13 (17%) 23 (28%) 0.09
MRI
Hours—injury to MRI (median, IQR) 20.5 (10-30) 17.7 (8-26) 21.9 (15-33) 0.01
Strength—1.5T 49 (30%) 27 (34%) 22 (27%) 0.31
Strength-3T 112 (70%) 52 (66%) 60 (73%)
Subdural hemorrhage 75 (47%) 23 (29%) 52 (63%) <0.001
Subarachnoid hemorrhage 68 (42%) 17 (21%) 51 (62%) <0.001
TMB 101 (63%) 47 (59%) 54 (66%) 0.42
Contusion or IPH 49 (30%) 10 (13%) 39 (48%) <0.001

IQR, interquartile range; Dx, diagnosis; ED, emergency department; TBI, traumatic brain injury; ICU, intensive care unit; GCS, Glasgow Coma Scale;
LOC, loss of consciousness; PTA, post-traumatic amnesia; CT, computed tomography; MRI, magnetic resonance imaging; TMB, traumatic microbleed;
IPH, intraparenchymal hematoma. Bold indicates p < 0.05.

findings on T2* imaging. Most lesions, except those asso-
ciated with IPH, were small and punctate or linear appear-
ing (Fig. 2A, in reconstructed multi-planar view). One
hundred seventeen (73%) patients had lesions conspicuous
on DWI, and 82 (51%) had corresponding visible regions

of hypointense ADC, suggestive of cytotoxic edema.

Interrater agreement for presence of DWI hyperin-
tensity and ADC hypointensity was k=0.78 and
k=0.73, respectively. Agreement on association with
hemorrhagic lesion type varied from k=0.38 to 0.8.
Approximately half of patients with TMBs, in compar-
ison with ~95% of patients with IPH, also had DWI
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hyperintense lesions. Of 33 isolated DWI lesions, 28
(85%) were correspondingly hypointense on ADC.

Figure 3 shows a patient with DWI hyperintensity in
proximity to a TMB at initial presentation and follow-
up. The TMB conspicuity appears similar on gradient
recalled echo (i) and DWI (ii). The lesion on ADC (iii)
transitions from hypointense to hyperintense and in-
creases in conspicuity on follow-up T2 FLAIR (iv).

Of 54 patients identified as having DWI lesions associ-
ated with TMBs, two were excluded from quantitative anal-
ysis because of motion artifact. Values of ADC were not
normally distributed. The median ADC value at baseline
for all volumes of interest (VOIs) was 0.77 (0.68-0.83), sig-
nificantly lower than the ADC value at follow-up 0.82
(0.76-0.93), p<0.001. Values of ADC from reference
VOIs in deep gray matter were similar between time points
(p=0.98). ADC values for all VOIs stratified by hemor-
rhagic lesion type did not differ from each other at baseline,
but significantly increased over time (Fig. 4A).

Lesions with lower ADC values at baseline, suggesting
cytotoxic edema, had increased ADC values at follow-up
(Fig. 4B). The ADC values for all TMB-associated VOIs
were averaged per subject and plotted along with refer-
ence VOIs against time from injury to imaging for both
baseline and follow-up (Fig. SA). The per patient average
ADC value of DWI hyperintense TMBs imaged within
24h was 0.70 (0.65-0.80), which was significantly
lower than those obtained between 24—72 h, 0.83 (0.79—
0.90), p<0.001, and those after 72h, 0.82 (0.79-0.84),
p <0.001 (Fig. 5B). Lesion ADC values did not differ be-
tween 2472 hour and >72 h groupings (p=0.801).

Cytotoxic edema: predictors

and clinical outcome

Table 1 is stratified by the presence or absence of cyto-
toxic edema, regardless of association with hemorrhagic
lesions. Univariate predictors of cytotoxic edema in-

cluded GCS score, documented loss of consciousness,
and hemorrhagic findings on CT and MRI, but not base-
line TBI severity, even for the mild TBI population (Sup-
plementary Table 1).

Clinical outcome assessed by GOSE was available for
118 (73%) patients (19 with 30-day only, 16 with 90-day
only, 83 with both), with approximately half having some
degree of disability (GOSE score <6). The univariate pre-
dictors of outcome trauma center level, TBI severity,
presence of TMB or intraparenchymal hematoma/contu-
sion on MRI, DWI hyperintensity, and ADC hypointen-
sity were associated with disability (Table 2).

Acute findings on CT and MRI field strength were not
associated with outcome. The MRI findings, specifically
TMBs and DWTI hyperintensity and ADC hypointensity as-
sociated with TMBs, were predictors for the mild TBI pop-
ulation (Supplementary Table 2). In a stepwise logistic
regression that considered trauma center level, TBI sever-
ity, evidence of intraparenchymal hemorrhage/contusion
or TMBs, cytotoxic edema seen on MRI, and ADC hypo-
intensity, only TBI severity (OR 2.51 [1.32-4.74],
p=0.005) and cytotoxic edema (OR 2.91 [1.32-6.37],
p=0.008) were independently associated with outcome.

At presentation to the emergency department, 41%
(66/161) patients were documented as having poly-
trauma, with no significant differences in the outcome
of cytotoxic edema between those with and without poly-
trauma ( p=0.084). There were no significant differences
in GOSE outcomes between those with and without poly-
trauma, whether the effects were attributed to head injury
alone (p=0.819), illness or injury to other parts of the
body (p=0.522), or to a mixture of head injury and
other (p=0.219). Two patients in the study had cranial
surgery (one with hemicraniectomy before acute MRI,
and another with cranial burr holes after acute MRI),
with one reporting a GOSE score <6 and the other report-
ing GOSE score >6 at this study’s end point.

FIG. 2. Types of acute traumatic brain injury lesions associated with magnetic resonance imaging
findings. White arrows indicate the areas of interest. (A) Parenchymal hyperintensities on diffusion-
weighted imaging (DWI), as seen in (i) coronal view, can be associated with acute traumatic microbleeds
(TMBs) seen on (ii) gradient recalled echo (GRE) imaging, with (iii) axial DWI hyperintensities colocalizing
with (iv) apparent diffusion coefficient (ADC) hypointensities. (B) Parenchymal (i) DWI hyperintensity and
colocalizing (ii) ADC hypointensity can also occur adjacent to areas of subarachnoid hemorrhage, as seen
on (iii) gradient recalled echo (GRE) imaging. (C) Similar changes can occur in parenchymal adjacent to
areas of hemorrhage associated with contusion or intraparenchymal hematoma. (D) Isolated areas
hyperintense on DWI and hypointense on ADC may also be observed in the absence of hemorrhage on
GRE. (E) Frequency of visually conspicuous hyperintense lesions on DWI and hypointense lesions on ADC
stratified by adjacent hemorrhagic lesion or seen in isolation. SAH, subarachnoid hemorrhage; TMB,
traumatic microbleed; IPH, intraparenchymal hematoma.
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FIG. 3. Representative example of the evolution of magnetic resonance imaging findings associated with
a traumatic microbleed from acute presentation to follow-up. (A) At 16 h after mild traumatic brain injury,
near the traumatic microbleed on (i) gradient recalled echo (GRE), there is a hyperintense area on (ii)
diffusion-weighed imaging (DWI) that is hypointense on initial (i) apparent diffusion coefficient (ADC),
indicative of cytotoxic edema. On follow-up (B), one week after injury, this same area remains hyperintense
on DWI but is now hyperintense on ADC, suggesting that vasogenic edema has developed. The
hemorrhage related to the traumatic microbleed is visible on both initial and follow-up GRE, with
associated (iv) fluid-attenuated inversion recovery (FLAIR) hyperintensity.

Discussion

We present evidence of cytotoxic edema in clinically
mild patients imaged early after head trauma. Lesions
appearing as focal hyperintensities on DWI were found
in isolation, but more commonly near areas of hemor-
rhage seen on T2* MRI, including TMBs. Approximately
two-thirds of patients with hyperintense lesions on DWI
had corresponding regions of ADC hypointensity, similar
to findings seen in acute stroke.

Quantitative analysis of ADC values demonstrated
a temporal evolution from low values (visually identi-
fiable as hypointensity) early after injury to elevated
values at follow-up, suggesting evolution from cyto-
toxic to vasogenic edema. Patients with evidence of
cytotoxic edema, regardless of the strata of hemor-
rhagic lesion, were more likely to have residual dis-
ability in subsequent months. Collectively, the data
suggest that primary traumatic injury to cerebral vas-
culature can be associated with cytotoxic edema and
poor outcome.

During initial enrollment in this protocol, small lesions
with DWI hyperintensity and corresponding ADC hypo-
intensity were observed in clinically mild trauma patients
with negative CT. These radiological findings were ini-
tially interpreted as suggestive either of ischemic stroke
or diffuse axonal injury (DAI),">™'* resulting in further
clinical subspecialty consultation. As cases accumulated,

many of these DWI lesions were seen in proximity to
hemorrhagic lesions, but the clinical relevance of this ob-
servation in clinically mild patients with TBI remained
unclear. The current analysis suggests that when DWI hy-
perintense/ADC hypointense lesions are seen on MRI
early after injury, the patient is at greater risk of incom-
plete recovery.

The mechanism behind these DWI/ADC changes
remains speculative at this point and may be multi-
factorial. As part of our quantitative analysis, we investi-
gated TMBs in particular, which have become known to
signify traumatic vascular injury, serving as distinct le-
sions where mechanical forces to vessels can result in
vascular injury and extravasation of blood into the peri-
vascular space and parenchyma.”’14

Cytotoxic edema detected in proximity to TMBs could
reflect any of the following: focal ischemia from interrup-
tion in blood flow, anoxic depolarization as a cascade
initiated by the presence of blood and free radicals in di-
rect contact with the neuropil, direct traumatic disruption
to cellular/axonal elements, or a combination of these
mechanisms. A recent positron emission tomography
study of cerebral physiology in moderate/severe TBI ob-
served cerebral ischemia in structurally normal tissue in
two-thirds of patients within the first 24 h.%° Perihemato-
mal ischemia and edema are often observed in primary
IPH?' or contusion.?
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FIG. 4. Quantification of apparent diffusion
coefficient (ADC) of water for all lesion types.
(A) Scatter plot of ADC values of baseline
presentation versus follow-up visit for all lesion
types (one data point is off-scale). (B) Change in
ADC for all volumes of interest stratified by
quartiles based on baseline ADC value
(minimum =0.3954; 25th percentile =0.6769;
median=0.7610; 75% =0.8699; maximum=1.419;
n=481). IPH, intraparenchymal hematoma; SAH,
subarachnoid hemorrhage; TMB, traumatic
microbleed. Color image is available online.
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FIG. 5. Quantification of apparent diffusion
coefficient (ADC) of water for lesions in
proximity to traumatic microbleeds. (A) The ADC
values at baseline and follow-up visits for
traumatic microbleeds are plotted based on the
time from injury to magnetic resonance imaging
(MRI), with reference values shown for
comparison. (B) Box-whisker plot of ADC values
grouped by baseline time from injury to MRI for
traumatic microbleeds (*p <0.001 for <24 h
versus 24-72 h and versus >72 h). Color image

is available online.
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Hemorrhagic lesions after TBI, however, may reside on
a continuum of severity. Even relatively discrete lesions
such as TMBs can be associated with parenchymal edema.

Direct mechanical injury to parenchyma may result in
lesions on DWI MRI. Traditionally, TMBs have been
linked with DAL a hallmark of TBI across injury
severities and a significant predictor of outcome.>* > The

DAI may result from shearing forces at the moment of in-
jury, causing extensive damage to neurons, glia, and blood
vessels and ultimately resulting in neurologic deficits.**’

Recent studies call into question whether TMBs are
always associated with axonal injury. Across injury se-
verity, TMBs that appear punctate in the axial plane are
often revealed as linear structures that may be specific
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Table 2. Predictors of Clinical Outcome at 30 or 90 Days
Total GOSE <6 GOSE 7 or 8 p
(n=118) (n=60) (n=58)
Demographics
Age (median, IQR) 47 (37-62) 52 (30-64) 60 (33-66)
18-30 25 (21%) 14 (23%) 11 (19%) 0.16
31-64 56 (48%) 32 (53%) 24 (41%)
65 + 37 31%) 14 (23%) 23 (40%)
Male 84 (71%) 43 (72%) 41 (70%) >0.99
Race
White 84 (71%) 39 (65%) 45 (78%) 0.13
African American 24 (20%) 15 (25%) 9 (16%)
Other 10 (9%) 6 (10%) 4 (7%)
Level I Trauma 59 (50%) 36 (60%) 23 (40%) 0.04
Clinical Presentation
GCS
15 83 (70%) 38 (63%) 45 (78%) 0.07
14 21 (18%) 11 (18%) 10 (17%)
<13 14 (12%) 11 (18%) 3 (5%)
TBI severity
Subconcussive 20 (16%) 6 (10%) 14 (24%) 0.01
Mild 75 (63%) 37 (61%) 38 (65%)
Moderate 17 (14%) 11 (18%) 6 (10%)
Severe 6 (5%) 6 (10%) 0 (0%)
LOC reported 73 (62%) 42 (70%) 31 (53%) 0.08
PTA reported 85 (72%) 44 (73%) 41 (71%) 0.83
Clinical diagnosis intracranial hemorrhage 65 (55%) 33 (55%) 32 (55%) > 0.99
Imaging Findings
CT-clinical
CT positive for TBI 68 (58%) 35 (58%) 33 (57%) > 0.99
Intraparenchymal hemorrhage 29 (25%) 16 (27%) 13 (22%) 0.67
Extra-axial hemorrhage 65 (55%) 34 (57%) 31 (53%) 0.85
MRI
Strength—1.5T 36 (30%) 15 (25%) 21(36%) 0.19
Strength-3T 82 (70%) 45 (75%) 37 (64%)
Subdural or epidural hemorrhage 55 (46%) 32 (53%) 23 (40%) 0.14
Subarachnoid hemorrhage 53 (45%) 26 (43%) 27 (47%) 0.85
Contusion or IPH 36 (31%) 24 (40%) 12 (21%) 0.02
TMB(s) 78 (66%) 45 (75%) 33 (57%) 0.05
MRI - DWI hyperintense proximate to hemorrhage
DWI lesion—not stratified by hemorrhage 86 (72%) 51 (85%) 35 (60%) 0.004
DWI Lesion—isolated 25 (21%) 17 (28%) 8 (14%) 0.07
Subdural or epidural hemorrhage 43 (36%) 28 (47%) 15 (26%) 0.02
Subarachnoid hemorrhage 40 (34%) 20 (33%) 20 (35%) > 0.99
Contusion or IPH 36 (31%) 24 (40%) 12 21%) 0.02
TMB raumatic(s) 40 (33%) 28 (46%) 12 (20%) 0.004
MRI-DWTI hyperintense, ADC isointense 21 (18%) 10 (17%) 11 (19%) 0.81
MRI-ADC hypointense proximate to hemorrhage
ADC lesion—not stratified by hemorrhage 65 (55%) 41 (68%) 24 (41%) 0.005
ADC lesion—isolated 22 (19%) 16 (27%) 6 (10%) 0.03
Subdural or epidural hemorrhage 12 (10%) 6 (10.0%) 6 (10%) > 0.99
Subarachnoid hemorrhage 24 (20%) 14 (23%) 10 (17%) 0.49
Contusion or IPH 31 (26%) 21 (35%) 10 (17%) 0.03
TMB(s) 25 2%) 19 (32%) 6 (10%) 0.006

GOSE, Glasgow Outcome Scale Extended; IQR, interquartile range; GCS, Glasgow Coma Scale; TBI, traumatic brain injury; LOC, loss of conscious-
ness; PTA, post-traumatic amnesia; CT, computed tomography; MRI, magnetic resonance imaging; IPH, intraparenchymal hematoma; DWI, diffusion-
weighted imaging; ADC, apparent diffusion coefficient of water; TMB, traumatic microbleed. Bold indicates p < 0.05

to TBL.'* We demonstrated that acute TMBs correspond
with post-mortem pathological features consistent with
secondary injury surrounding injured vessels, but not
with traditional markers of DAL'* Other MRI studies
have reported limited colocalization of TMBs with diffu-
sion evidence of axonal injury in TBI.%

In the region adjacent to TMBs, we observed hyperin-
tense DWI signal colocalizing with ADC hypointensity
during the acute period, which can be characteristic of

failures of energy-dependent processes and ischemic
tissue. At follow-up, nearly 70% of these TMBs had in-
creased normalized ADC values. Lesions with the lowest
ADC values at baseline also had larger changes in ADC
values between baseline and follow-up. The increase in
ADC surrounding TMBs was similar to the increases
seen with IPH and subarachnoid hemorrhage (SAH). In
IPH and SAH, extravasated blood triggers secondary in-
jury through a cascade of endothelial swelling, vasospasm,
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vasoconstriction, and evolution toward vasogenic edema
in the subacute phase of injury.?*%>!

Our results indicate that primary traumatic vascular in-
jury can be associated with cytotoxic edema evolving
over time into vasogenic edema. While further investiga-
tion is needed to determine the underlying mechanisms of
these changes, the patterns of ADC evolution appear
strikingly similar to the changes seen on acute and sub-
acute MRI in ischemic stroke.

The ability to detect ADC hypointense (i.e., cytotoxic) le-
sions after TBI also depends on the timing of acute MRIL
The earliest scans detected VOIs with the lowest ADC val-
ues, consistent with the hypothesis that cytotoxic edema
predominates in these VOIs acutely after injury, while vaso-
genic edema becomes more prevalent with time. This rein-
forces the importance of obtaining acute and follow-up
scans after injury and has implications for therapeutic inter-
ventions targeting the vasculature. Cytotoxic edema early
after injury typically results in irreversible cell death unless
energy substrates can be restored. Conversely, vasogenic
edema is, in principle, reversible when detected early
enough to administer treatments to restore blood—brain bar-
rier function and integrity. Left untreated, however, cyto-
toxic edema may lead to secondary injury and cell death.

Previous studies of diffusion-related changes in TBI
were conducted in both animal models and humans, with
conflicting results. Animal models showed both overall
increases®> and decreases™ in ADC acutely after injury,
while other studies reported a progressive decrease from
the acute to subacute period.** Early studies of DWI
MRI in human TBI attributed decreased ADC values be-
tween one and 18 days post-injury'® and reduced white
matter diffusion anisotropy within 24 h of injury’> to DAL

Another investigation of early (<14 day) DWI lesions
in the context of DAI found a mixture of lesions that
could be differentiated as either increased or decreased
diffusion, reflecting vasogenic and cytotoxic edema, re-
spectively.*® A group classifying lesion load as either
vasogenic or cytotoxic found that both edema types
were associated with poor outcome, despite more severe
injury in those with predominantly cytotoxic edema, and
saw both cytotoxic and vasogenic lesions in the corpus
collosum, an area susceptible to DALY An early serial
MRI study and a case report suggest an association be-
tween temporal resolution of edema-associated DAI le-
sions of the corpus callosum and better outcomes.>*~°

Several studies examined whole-brain and regional
ADC values as predictors of outcome after TBI. Whole-
brain ADC values on MRI at 1-23 days post-injury signif-
icantly correlated with admission GCS scores,40 while
others reported significant correlations between injury
severity and ADC values of normal-appearing white mat-
ter.*' Another group reported lower ADC values in deep
white and gray matter in patients with unfavorable out-
come compared with those with favorable outcome,

with all regions except peripheral gray matter showing
an increase in ADC relative to controls.*?

In contrast, pediatric TBI studies reported reduced
ADC values in peripheral white matter predicted poor
outcome in severe TBI, while deep white matter ADC
values were reduced relative to controls.*? Paradoxically,
a subset of this pediatric population excluding the most
severely injured patients demonstrated that increased
ADC values in peripheral white and gray matter predicted
worse long-term neurocognitive outcomes.** Although
maturational changes might complicate interpretation of
diffusion-related MRI outcomes between adults and chil-
dren, these divergent findings highlight the difficulty of
using early ADC values to predict outcome in TBI.

The TRACK-TBI study reported that contusion and
hemorrhagic axonal injury*® and decreases in fractional an-
isotropy*® on MRI at two weeks after injury predict poorer
GOSE scores at three months post-injury. Our finding that
hemorrhage-associated cytotoxic edema on acute MRI pre-
dicts outcome is consistent with those results and suggests
there may be therapeutic targets for intervention. Once the
biological mechanisms are better understood, future tar-
geted therapies could be administered to those patients pre-
senting with acute hemorrhage and diffusion changes.

Approximately 50% of those presenting to two civilian
emergency departments with criteria for mild TBI were
not initially recognized as having TBL.*” While in sports
and the military implementation of standard screening
protocols has improved identification of patients, in the
general population even many of those recognized as
having mild TBI with ongoing symptoms do not receive
appropriate education and follow-up care.*® This lack of
early identification and education, except in the most se-
verely impaired, may contribute to worse outcomes.*’

Patients found to have small amounts of hemorrhage on
CT are more likely to have worse outcome (defined by
GOSE) if evidence of diffusion changes are found on
MRI. This prognostic value, in itself, may provide
evidence needed to support the clinical utility of MRI in
select patients. In the present study, TMBs were the
most common finding seen on acute MRI that was not
detected on acute CT. This, combined with our previous
work demonstrating poorer outcomes in patients with
TMBs,'* suggests that acute MRI may be warranted to
screen for microbleeds in CT negative patients, although
additional research is needed. Further, there may be tar-
geted therapies that could, one day, be applied to reduce
the risk of edema, or, at a minimum, to flag these patients
as being potentially in need of early education, connection
with outpatient care, and possibly ongoing follow-up to
assess their need for rehabilitation services.

In this study, we examined ADC changes in conspicu-
ous DWTI lesions during initial hospitalization as opposed
to during a subsequent outpatient visit. This allowed us to
confirm that: (i) acute ADC values can be used to predict
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outcome, and (ii) acute cytotoxic edema associated with
lesions such as TMB and IPH may contribute to poor out-
come. We also characterized the temporal evolution of
ADC values associated with hemorrhage by comparing
baseline and follow-up MRI, demonstrating a pattern of
ADC evolution that indicates lesion evolution between
the acute and subacute periods.

Limitations

Our findings must be interpreted in comparison with the
literature by considering the time course of MRI used in
the present study, with a median time to baseline MRI
of 21 h far earlier than previously described studies, pos-
sibly accounting for the ADC evolution differences.
There is also the potential for selection bias in our patient
cohort, with patients being more likely to return for
follow-up visits if they had clinical findings or symptoms.

Cranial surgery was not an exclusion criterion for this
study and may have affected outcomes, although GOSE
outcomes were split for the two patients who underwent
cranial surgery during their acute visits. Patients with
polytrauma were included in this dataset and outcomes
analysis, and an association between polytrauma and poorer
GOSE outcomes has been reported previously.”® In the
present study, patients were asked to attribute their GOSE
answers in the context of their head injury, but difficulties
in their doing so may have confounded results.

Whether MRI is quantifiably superior to CT for the detec-
tion of TBI-related lesions such as contusions and TMBs is
not directly addressed in the present study and is the focus of
ongoing research. Additional studies of patients with acute
MRI with larger sample sizes are needed to confirm and ex-
tend these findings. Further investigation is also required to
determine which of the potential underlying biological
mechanisms are causing these acute ADC changes.

Conclusion

An emerging body of literature indicates that traumatic
vascular injury is associated with chronic pathophysio-
logical processes and poor neurological outcome. The
current study, by identifying acute injury processes asso-
ciated with intracranial hemorrhage on clinically relevant
in vivo acute and subacute MRI, supports the hypothesis
that traumatic vascular injury is a key contributor to the
pathogenesis of TBI.
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