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Abstract
Background
In patients with severe traumatic brain injury (TBI), coma is associated with impaired sub-
cortical arousal mechanisms. However, it is unknown which nuclei involved in arousal (arousal
nuclei) are implicated in coma pathogenesis and are compatible with coma recovery.

Methods
We mapped an atlas of arousal nuclei in the brainstem, thalamus, hypothalamus, and basal
forebrain onto 3 tesla susceptibility-weighted images (SWI) in 12 patients with acute severe
TBI who presented in coma and recovered consciousness within 6 months. We assessed the
spatial distribution and volume of SWImicrobleeds and evaluated the association of microbleed
volume with the duration of unresponsiveness and functional recovery at 6 months.

Results
There was no single arousal nucleus affected by microbleeds in all patients. Rather, multiple
combinations of microbleeds in brainstem, thalamic, and hypothalamic arousal nuclei were
associated with coma and were compatible with recovery of consciousness. Microbleeds were
frequently detected in the midbrain (100%), thalamus (83%), and pons (75%). Within the
brainstem, the microbleed incidence was largest within the mesopontine tegmentum (e.g.,
pedunculotegmental nucleus, mesencephalic reticular formation) and ventral midbrain (e.g.,
substantia nigra, ventral tegmental area). Brainstem arousal nuclei were partially affected by
microbleeds, with microbleed volume not exceeding 35% of brainstem nucleus volume on
average. Compared to microbleed volume within nonarousal brainstem regions, the microbleed
volume within arousal brainstem nuclei accounted for a larger proportion of variance in the
duration of unresponsiveness and 6-month Glasgow Outcome Scale–Extended scores.

Conclusion
These results suggest resilience of arousal mechanisms in the human brain after severe TBI.
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In patients with severe traumatic brain injury (TBI), coma is
believed to be caused by disruption of an ascending arousal
network1-4 that links arousal nuclei in the brainstem, thala-
mus, hypothalamus, and basal forebrain to the cerebral
cortex.5-7 However, due to difficulty in localizing these nuclei
with conventional MRI, the specific nuclei whose injury is
implicated in the pathogenesis of traumatic coma have not
been identified. Moreover, it is unknown which arousal nuclei
can be lesioned and still compatible with recovery of con-
sciousness. These gaps in knowledge have profound clinical
implications for patients with severe TBI. Without knowing
whether a patient can recover consciousness, many families
withdraw life-sustaining treatment, a decision that accounts
for up to 70% of deaths for patients with severe TBI in the
intensive care unit (ICU).8,9

This study aimed to identify the combinations of arousal nuclei
affected by microbleeds that are associated with coma and are
compatible with recovery of consciousness in patients with acute
severe TBI. We enrolled patients presenting in traumatic coma
and performed susceptibility-weighted imaging (SWI) to iden-
tify microbleeds, the radiologic hallmark of hemorrhagic trau-
matic axonal injury.2,10 We then integrated SWI microbleed
maps with brainstem, thalamic, hypothalamic, and basal fore-
brain atlases. Using this atlas-based approach, we mapped the
neuroanatomic location of subcortical microbleeds that are as-
sociated with traumatic coma and compatible with recovery of
consciousness. As a control, we performed similar SWI micro-
bleed analyses on a cohort of patients with moderate TBI.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
For the 16 patients with severe TBI who were enrolled in this
study, surrogate decision-makers provided written informed
consent in accordance with an institutional review board–
approved protocol. The cohort was enrolled during the pilot
phase of a multimodal study examining predictors of recovery
from severe TBI (ClinicalTrials.gov; NCT03504709); thus,
the cohort size for this descriptive study was not determined
using a power calculation. The 12-patient moderate TBI co-
hort was identified retrospectively using a separate in-
stitutional review board–approved protocol, for which written
consent was waived.

Recruitment and Study Procedures for
Patients With Severe TBI
We prospectively and consecutively screened all patients with
TBI admitted to the ICU at an academic hospital over 3 years.
We enrolled 16 patients with severe TBI (12 M/4 F, mean ±
SE age 29 ± 2 years) who met criteria for coma: initial Glas-
gow Coma Scale (GCS) total score ≤6, with no eye-opening
or verbal response for at least 24 hours on examinations un-
confounded by sedation or paralysis.

All patients with severeTBI underwent SWIMRI as soon as they
were stable to travel to the MRI scanner, as determined by
treating clinicians. We defined the duration of unresponsiveness
by the time from TBI to command-following. We acknowledge
that command-following is not the only behavioral sign of re-
sponsiveness in this patient population, as eye-gaze tracking and
localization to noxious stimuli also indicate emergence from
coma to the minimally conscious state.11 Nevertheless, we used
command-following as the primary outcome measure for early
emergence from coma because this is a commonly usedmeasure
of responsiveness in studies of patients with acute severe TBI.12-
14 At 6-month follow-up, we defined full recovery of con-
sciousness as emergence from the posttraumatic confusional
state, based on Confusional Assessment Protocol criteria. We
also assessed functional outcome using the Glasgow Outcome
Scale–Extended (GOSE).

Of the 16 patients, 2 were excluded because they died in the ICU
after surrogate decision-makers withdrew life-sustaining therapy,
and 2 others were excluded because of motion artifacts identified
by an investigator blinded to the clinical data (M.B.). Twelve
fully recovered consciousness by 6 months (9M/3 F, age 26 ± 2
years) and were included in this study (table).

SWI Data Acquisition
Patients underwent 3D SWI on a 3 tesla Skyra scanner
(Siemens-Healthineers; 32-channel head-coil) with spatial
resolution = 0.86 × 0.86 × 1.8 mm3, repetition time = 30 ms,
echo time = 20 ms, flip angle = 15°, bandwidth = 120 Hz/
pixel, acquisition time = 4 minutes 33 seconds. For coregis-
tration, a 3D T1-weighted (T1W) multiecho magnetization-
prepared rapid gradient echo (MEMPRAGE) was acquired
with 1 mm isotropic spatial resolution, repetition time = 2.53
seconds, echo times = 1.69/3.55/5.41/7.27 ms, inversion
time = 1.2 seconds, flip angle = 7°, and GRAPPA factor = 3.

Glossary
CLi = caudal linear raphe; CnF = cuneiform nucleus; DR = dorsal raphe; GCS = Glasgow Coma Scale; GOSE = Glasgow
Outcome Scale–Extended; ICU = intensive care unit; isRt = isthmic reticular formation; LC = locus coeruleus; LDTg =
laterodorsal tegmental nucleus; MEMPRAGE = multiecho magnetization-prepared rapid gradient echo; MNI = Montreal
Neurological Institute; MnR = median raphe; mRt-p1Rt = mesencephalic reticular formation and p1 reticular formation;
PAG = periaqueductal gray; PMnR = paramedian raphe nucleus; PTg = pedunculotegmental nucleus; SN = substantia nigra;
SWI = susceptibility-weighted imaging; T1W = T1-weighted; TBI = traumatic brain injury; VTA-PBP = ventral tegmental area
with parabrachial pigmented nucleus.
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The variable timing of SWI data acquisition (i.e., depending
on clinician judgment about the safety of traveling to the MRI
scanner) created the possibility that patients might emerge
from coma prior to the SWI MRI. However, the number and
size of traumatic microbleeds detected by SWI is not expected
to vary with time. Rather, evidence suggests that the magnetic
susceptibility effect of blood measured by the MRI scanner is
consistent over a time course of hours to days,15 as long as the

data are acquired using the same MRI scanner field strength
and SWI sequence.16

SWI Data Coregistration to Stereotactic Space
After bias-field correction, each patient’s SWI dataset was
precisely coregistered to the nonlinear 6th-generation T1W-
Montreal Neurological Institute (MNI) 152 template by
concatenating and applying the following transformations

Table Patient Demographics and Outcome Measures

Patient
number

Age at time of
injury, y Sex

Mechanism of
injury

Duration of
unresponsiveness, d

GOSE 6 months post TBI (1 = death; 8 = upper good
recovery)

1 27 M Motor vehicle
accident

1 3

2 21 M Pedestrian hit by
car

6 7

3 19 F Motor vehicle
accident

14 7

4 28 F Motor vehicle
accident

9 3

5 45 M Motor vehicle
accident

6 5

6 33 M Fall 7 3

7 24 M Assault 7 5

8 22 F Pedestrian hit by
car

9 7

9 18 M Fall 2 7

10 29 M Pedestrian hit by
car

8 5

11 19 M Fall 2 7

12 32 M Pedestrian hit by
car

8 4

Abbreviations: GOSE = Glasgow Outcome Scale–Extended; TBI = traumatic brain injury.

Figure 1 Coregistration of Susceptibility-Weighted Imaging (SWI) Data to Stereotactic Space

We concatenated 2 steps (A, B) to perform the coregistration to stereotacticMontreal Neurologic Institute (MNI) space (C). Coregistration results are shown for
an example dataset. (A) Overlay (red lines) of the single-patient SWI dataset coregistered to the single-patient T1-weightedmultiechomagnetization-prepared
rapid gradient echo (T1 patient). (B) Overlay (red lines) of the T1 patient image (coregistered to the T1-weightedMNI152 standard template; T1MNI) on the T1
MNI template. (C) Overlay (red lines) of the single-patient SWI dataset (coregistered to the T1MNI template by combining the transformations used in A andB)
on the T1 MNI template. These images demonstrate that precise coregistration was achieved in the subcortical regions that were analyzed in this study.
Similar coregistration performance was achieved for the other 11 patients.
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(Advanced Normalization Tool): the 12 degrees of freedom
affine-transformation (metric: mutual information) com-
puted to coregister the SWI to the T1W-MEMPRAGE; and
the high-dimensional nonlinear transformation (metric: cross
correlation) computed to coregister the T1W-MEMPRAGE
to the T1W-MNI152. In figure 1, A–C, we show the cor-
egistration procedure and its performance in an example
dataset.

SWI Data Analysis
After coregistration, we defined a “traumatic microbleed
search mask” (figure 2B), comprising the thalamus,17 hypo-
thalamus,18 basal forebrain (including nucleus accumbens17

and other manually delineated subregions), and the brainstem
(medulla,19,20 pons,19 and midbrain20). The mask of the pons

(figure 2B) was generated by applying automated segmenta-
tion procedures19 to the 1 mm resolution T1W MNI152
template. To generate the mask of the medulla and midbrain,
we first generated a brainstem mask using the FreeSurfer
parcellation20 of the 1 mm resolution T1W MNI152 tem-
plate. The mask of the medulla (figure 2B) was defined using
the inferior boundary of the pontine mask as the superior
boundary of the medulla. Finally, the mask of the midbrain
was initialized as the superior part of the brainstem mask,
using the superior boundary of the pontine mask as the in-
ferior boundary of the midbrain. The mask of the midbrain
was then manually edited by M.B. (figure 2B) to include parts
of the rostral midbrain that are absent in the Freesurfer par-
cellation. Diencephalic regions such as the subthalamic nu-
cleus21 were excluded.

Figure 2 Evaluation of Microbleeds in Subcortical Arousal Regions

(A) An example susceptibility-weighted imaging (SWI) dataset in stereotactic Montreal Neurologic Institute (MNI) space is shown along with manually
delineated microbleeds (red), identified as SWI hypointensities within a microbleed search-mask. (B) Overlaid on a T2-weighted image in stereotactic space,
we show the traumatic microbleed search-mask including regions involved in arousal, such as the brainstem (midbrain [Mb], dark blue; pons, light blue; and
medulla [Md], cyan), thalamus (Th) (light green), hypothalamus (Ht) (dark green), and basal forebrain (BF) (copper). (C.a) Count of patients with deep arousal
regions affected by microbleeds (range 0%–100%, corresponding to 0–12 patients). (C.b) Volume of microbleeds within each deep arousal region. (C.c)
Volume of microbleeds (within each deep arousal region) relative to the volume of each region. Note the higher incidence and volume of microbleeds in the
midbrain, thalamus, and pons compared to themedulla and hypothalamus (no occurrence in the BF), and the relatively small fraction of deep region volume
affected by microbleeds.
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Within the microbleed search mask, a trained microbleed
rater (S.I.) manually delineated signal hypointensities
(i.e., presumptive traumatic microbleeds) on the patients’
SWI datasets in MNI152 space using established
methods.22,23 We assessed the spatial distribution and
overlap of traumatic microbleeds at the voxel level by
computing the sum of microbleeds within each voxel across
patients. Further, we evaluated the spatial distribution and
overlap of microbleeds across patients at the nucleus/region
level by counting the number of patients with microbleeds in
each nucleus/region, the volume of microbleeds within each
nucleus/region, and the percentage nucleus/region volume
affected by microbleeds. For this analysis, we considered 6

regions (thalamus, hypothalamus, basal forebrain, midbrain,
pons, medulla; figure 2B) and 17 brainstem nuclei postu-
lated to modulate arousal based on animal studies (see next
section). We defined a control region (primarily involved in
functions other than arousal) as the whole brainstem ex-
cluding the 17 arousal nuclei.

We also performed a post hoc analysis of the volume of
microbleeds in the 2 patients who died due to withdrawal of
life-sustaining therapy. Our goal was to assess for differences
in microbleed characteristics between the 2 patients with
severe TBI who died in the ICU and the 12 patients
with severe TBI who survived.

Figure 3 Evaluation of Microbleeds in Brainstem Arousal Nuclei

(A) Spatial overlap of microbleeds across patients at the voxel level in the form of a heat map. Microbleeds were mainly present in the thalamus and in the
upper brainstem (midbrain and pons), yet their overlap at the voxel level was less than 33%. (B) Atlas of 17 arousal brainstem nuclei used to evaluate
microbleed overlap at the nucleus level. (C.a) Count of patients with brainstem arousal nuclei affected by microbleeds (descending order, range 0%–100%,
corresponding to 0–12 patients). (C.b) Volume of microbleeds within each brainstem nucleus (descending order). (C.c) Volume of microbleeds within each
brainstem nucleus relative to the volume of each brainstem nucleus (descending order). Note that some brainstem nuclei (substantia nigra subregion 1
[compatible with pars reticulata] [SN1], substantia nigra subregion 2 [compatible with pars compacta] [SN2], pedunculotegmental nucleus [also known as
pedunculopontine nucleus] [PTg], ventral tegmental area with parabrachial pigmented nucleus [VTA-PBP], mesencephalic reticular formation and p1
reticular formation [mRt-p1Rt], dorsal raphe [DR], periaqueductal gray [PAG], isthmic reticular formation [isRt]) displayed an incidence ofmicrobleeds higher
than 30%, yet only a relatively small fraction of the brainstem nuclei volumewas affected bymicrobleeds. CLi = caudal linear raphe; CnF = cuneiform nucleus;
LC = locus coeruleus; LDTg = laterodorsal tegmental nucleus; LPB = lateral parabrachial nucleus; MnR = median raphe; MPB = medial parabrachial nucleus;
PMnR = paramedian raphe nucleus; PnO = pontine reticular nucleus, oral part.
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Selection and Definition of Brainstem
Nuclei Labels
The 17 brainstem arousal nuclei analyzed in this study were
selected based on several lines of evidence: (1) lesion/
stimulation studies in animals; (2) anatomical mapping
studies in animals and humans showing direct connections to
the cortex or indirect connections through the thalamus, hy-
pothalamus, and basal forebrain; (3) coma studies in humans
and animals. These arousal nuclei include meso-pontine

reticular formation nuclei5,24 (such as the mesencephalic re-
ticular formation, cuneiform nucleus, isthmic reticular for-
mation, and pontine reticular formation), cholinergic
nuclei5,6,25 (such as the pedunculotegmental and laterodorsal
tegmental nucleus), serotonergic raphe nuclei5,6,25 (such as
dorsal, median, paramedian, and caudal-linear raphe), and
noradrenergic locus coeruleus.5,6,25 Moreover, prior studies
indicate that autonomic and visceral nuclei (such as the per-
iaqueductal gray5,25 and the lateral/medial parabrachial

Figure 4 Evaluation of Microbleeds in Brainstem Arousal Nuclei

Additional views of 6 brainstem nuclei (caudal linear raphe
[CLi], paramedian raphe nucleus [PMnR], cuneiform nucleus
[CnF], laterodorsal tegmental nucleus [LDTg], locus coeruleus
[LC], median raphe [MnR]), which are not visible in figure 3. (A)
Spatial overlap of microbleeds across patients at the voxel
level in the form of a heat map. (B) Atlas of arousal brainstem
nuclei used to evaluate the microbleed overlap at the nucleus
level.
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nuclei6,25-27) are involved in modulating arousal. Finally,
mesolimbic dopaminergic nuclei (such as the ventral teg-
mental area5,28,29 and substantia nigra30-33 complex) appear to
modulate arousal, based on their anatomical connections as
well as stimulation studies in animals.

The complete list of 17 brainstem arousal nuclei that we analyzed
is as follows: mesencephalic reticular formation and p1 reticular
formation (mRt-p1Rt), cuneiform nucleus (CnF), isthmic re-
ticular formation (isRt), pontine reticular formation oral (and
the smaller caudal) part (PnO), pedunculotegmental nucleus
(PTg), laterodorsal tegmental nucleus (LDTg), dorsal raphe

(DR), median raphe (MnR), paramedian-raphe (PMnR),
caudal-linear raphe (CLi), locus coeruleus (LC), periaqueductal
gray (PAG), lateral/medial parabrachial nuclei (LPB, MPB),
ventral tegmental area with parabrachial pigmented nucleus
(VTA-PBP), and 2 subnuclei of the substantia nigra (SN1/2,
compatible respectively with pars reticulata/compacta). Specifi-
cally, we used probabilistic atlas labels of these nuclei developed
by our group in living humans using ultra-high-field multi-
contrast MRI,21,34,35 thresholded at 35% and binarized to yield
masks defining the location of these nuclei in SWI coregistered
to stereotactic (MNI) space. Of note, left- and right-sided
nuclei/regions were combined for the analyses.

Figure 5 Correlation of Microbleed Volume With Coma Outcome Measures

(A, B) Variance of clinical outcome measures. (A) Duration of unresponsiveness, defined by time until command-following. (B) Glasgow Outcome Scale–
Extended (GOSE) at 6 months after the traumatic brain injury (TBI) explained by the microbleed volume within all nuclei/regions involved in arousal (i.e.,
thalamus, hypothalamus, basal forebrain, and 17 brainstem nuclei) was higher than the variance explained by the microbleed volume within the control
region (i.e., the brainstem excluding the 17 brainstem nuclei involved in arousal). (C, D) Total microbleed volume evaluated in all nuclei/regions involved in
arousal across participants versus (C) duration of unresponsiveness (Pearson correlation coefficient r = 0.55, p = 0.06) and (D) GOSE at 6months after the TBI (r
= 0.43, p = 0.16). (E, F) Total microbleed volume evaluated in the control region across participants versus (E) duration of unresponsiveness (Pearson
correlation coefficient r = 0.30, p = 0.34) and (F) GOSE at 6 months after the TBI (r = 0.13, p = 0.70).

Neurology.org/N Neurology | Volume 97, Number 2 | July 13, 2021 e119

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Moderate TBI Patient Cohort
As a control to the severe TBI patient cohort, we investigated
SWImicrobleeds in patients withmoderate TBI (n = 12, 8M/
4 F, mean ± SE age 55 ± 5 years). Patients in the moderate
TBI cohort (initial GCS scores 9–12) were scanned on the
same 3T MRI scanner, with the same SWI sequence and
during the same 3-year period as the severe TBI cohort.

Correlations Between Microbleeds and
Clinical Outcomes
We performed a Pearson correlation analysis to test for associ-
ations between clinical outcome measures (i.e., duration of un-
responsiveness and 6-month GOSE score) and the volume of
microbleeds within all nuclei/regions involved in arousal
(i.e., thalamus, hypothalamus, basal forebrain, and 17 brainstem
nuclei). We also tested for correlations between the control
(i.e., nonarousal) region and the clinical outcome measures.

Data Availability
Anonymized SWI data will be shared by request from any
qualified investigator.

Results
Microbleed Neuroanatomic Characteristics in
Acute Severe TBI
A representative SWI microbleed delineation is shown in
figure 2A. At the group level, the midbrain was affected by
microbleeds in all patients, the thalamus in 83%, the pons in
75%, the hypothalamus and the medulla in 17% (figure 2).
No patient had basal forebrain microbleeds. The total vol-
ume of microbleeds was highest in the thalamus and mid-
brain, followed by the pons, medulla, and hypothalamus
(figure 2C).

Microbleed overlap across patients at the voxel level was
moderate (≤33%; figure 3A). However, we observed a high
incidence of microbleed overlap at the nucleus level (figure
3C), especially for SN1, SN2, PTg, VTA-PBP, mRt-p1Rt, DR,
PAG, and isRt. No single brainstem arousal nucleus was le-
sioned by microbleeds in the whole cohort (i.e., maximum
peak incidence was 75%). Moreover, brainstem arousal nuclei
were only partially affected (figure 3C), with microbleed
volume not exceeding 35% of brainstem nucleus volume on
average. In figure 4, A and B, we show additional views of the
microbleed overlap for CLi, PMnR, CnF, LC, MnR, and
LDTg nuclei, not visible in figure 3, A and B.

Clinical CorrelationsWithMicrobleeds in Acute
Severe TBI
Total microbleed volume within all arousal nuclei/regions
explained more variance in clinical outcome measures than
did the volume of microbleeds in the control region (figure 5,
A and B). The former also displayed a trend toward correla-
tion with duration of unresponsiveness (R = 0.55, p = 0.06)
but not with GOSE scores at 6 months (figure 5, C and D).

Microbleed Volume in Subcortical Regions in
Patients With Severe TBI Who Died After
Withdrawal of Life-Sustaining Therapy
The 2 patients who died after withdrawal of life-sustaining
therapy had a microbleed volume in the thalamus, hypothal-
amus, basal forebrain, and brainstem of 126 and 234 mm3,
respectively. These volumes are within the range of micro-
bleed volumes in the thalamus, hypothalamus, basal forebrain,
and brainstem in the 12 patients who recovered consciousness
(range 47–2,140mm3). Of note, the decision to withdraw life-
sustaining therapy in these patients was not based solely on
the presence of subcortical microbleeds. Rather, these deci-
sions were also influenced by the presence of a large (>100
mL) right frontal contusion in one patient and the presence of
preexisting psychiatric illness in the other patient.

Comparison of Microbleed Incidence and
Anatomic Location Between Patients With
Moderate and Severe TBI
In the moderate TBI cohort, the incidence and volume of
microbleeds in arousal regions (figure 6) was lower for each
region than in the severe TBI cohort. For example, only 30%
of patients with moderate TBI had microbleeds in the mid-
brain (figure 6A), compared to 100% of patients with severe
TBI (figure 2C, top panel). Moreover, the absolute average
volume of microbleeds in the midbrain in the moderate TBI
cohort (figure 6B) was approximately 30 mm3, compared to
approximately 254 mm3 in the severe TBI cohort (figure 2C,
middle panel).

Discussion
We identified multiple combinations of brainstem, thalamic,
and hypothalamic microbleeds in patients with severe TBI
who presented in coma and recovered consciousness within 6
months. There was no single arousal nucleus whose injury was
required for the pathogenesis of traumatic coma. Rather,
microbleeds were observed in variable combinations within
brainstem arousal nuclei of the mesopontine tegmentum
(PTg, mRt-p1Rt, DR, PAG, isRt) and ventral midbrain (SN1,
SN2, VTA-PBP). The involvement of the mesopontine teg-
mentum is consistent with prior studies of coma-causing le-
sions, which identified a focal lesion hot spot in this brainstem
region.36-38 The involvement of the ventral midbrain raises
the possibility that microbleeds in this region may also con-
tribute to coma pathogenesis in patients with severe TBI,
potentially due to disruption of dopaminergic pathways em-
anating from the ventral tegmental area.39

Our findings demonstrate the resilience of arousal mecha-
nisms in patients with traumatic coma, because all patients
recovered consciousness despite the presence of microbleeds
in subcortical arousal nuclei. This resilience may be attribut-
able to partial lesioning of the arousal nuclei, which suggests
that none of the neurotransmitter systems that contribute to
arousal were completely disrupted. Moreover, resilience could
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be related to redundancy of arousal pathways connecting
brainstem nuclei to the thalamus, hypothalamus, basal fore-
brain, and cortex,5 and to dense interconnectivity between
brainstem nuclei.2

Animal and limited human studies suggest that distinct com-
ponents of the arousal network subserve different functional
aspects of arousal. For instance, the LPB modulates autonomic
arousal based on changes in carbon dioxide40; the LCmodulates
aspects of cognition including attention, decision-making, and
memory41; the PAG is involved in modulating wakeful
arousal25,42 as well as emotional, motor, and autonomic state
control.43 Thus, considering all 17 brainstem nuclei as homo-
geneous components of the arousal network is an over-
simplification. Future studies with larger cohorts and
complementary imaging methods (e.g., diffusion MRI and
resting-state functional MRI) are needed to identify the specific
contributions of each network component to recovery of arousal,
and hence consciousness.

An unexpected neuroanatomic observation in this study was the
high frequency of traumatic microbleeds in the nigral-ventral
tegmental area complex. The pathophysiologic relevance of
these ventral midbrain microbleeds to traumatic coma requires
further study, particularly in patients who do not have additional
microbleeds in the mesopontine tegmentum. Regardless of
whether ventral midbrain microbleeds can cause coma in iso-
lation, or only in combination with other lesions in the meso-
pontine tegmentum, their apparent association with traumatic
coma in this study is consistent with prior evidence that dopa-
minergic ventral midbrain neurons contribute to arousal.5,28-33

Interestingly, the midbrain was the only region that displayed
microbleeds in the entire cohort, consistent with its well-
established biomechanical susceptibility to linear and rotational
acceleration during head trauma.44

An important limitation of this study is that a traumatic
microbleed is consistent with, but does not prove, injury to

underlying axons and neurons.2,10,45 Emerging radiologic10,45

and histopathologic2,10 evidence suggests that microvascular
injury, with a resulting microbleed, may occur in the absence
of axonal injury. Furthermore, the full extent of neuronal or
axonal injury caused by a microbleed cannot be precisely
defined by SWI, particularly in the brainstem, where a single
microbleed may injure local neuronal cell bodies as well as
axons projecting from distant brainstem neurons. Detection
of traumatic microbleeds by SWI may also be confounded by
susceptibility artifacts at air–tissue interfaces such as the skull
base, which may explain the unexpected observation that
there were no basal forebrain microbleeds in the severe TBI
cohort. Collectively, these limitations of SWI highlight the
need for complementary imaging techniques, such as diffu-
sionMRI, to quantify the burden of axonal injury in individual
patients with TBI.45,46

The present study is further limited by its small sample size,
young cohort age, and lack of patients with prolonged disorders
of consciousness. Future work should account for the potential
contribution of hemispheric microbleeds to coma pathogenesis,
as we focused here on subcortical regions that contribute to
arousal in the human brain.5-7 It is also important to consider that
unlike focal coma-causing brainstem lesions related to ischemic
stroke or hypertensive hemorrhage,36,37 traumatic microbleeds
in the brainstem and diencephalon are never isolated. Rather,
biomechanical, histopathologic, and neuroimaging studies22,44,47

have demonstrated that traumatic microbleeds within the
brainstem and diencephalon are invariably accompanied by ax-
onal injury in the cerebral hemispheres. This diffuse, or multi-
focal, nature of axonal injury in patients with severe TBI
precludes definitive conclusions about whether subcortical
microbleeds cause coma.

We provide evidence for the resilience of arousal mecha-
nisms in the human brain after severe TBI. We show that
multiple combinations of subcortical microbleeds are asso-
ciated with coma pathogenesis and are compatible with

Figure 6 Incidence and Volume of Microbleeds in Patients With Moderate Traumatic Brain Injury (TBI)

(A) Count of patients (%) with arousal regions affected by at
least one microbleed. (B) Volume of microbleeds within
arousal regions. The incidence and volume of microbleeds in
patients with moderate TBI was lower than in patients with
severe TBI (figure 2, C.a and C.b). Note that we used the same
y axis limits as in figure 2 for ease of comparison.
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recovery of consciousness. Our results also indicate that full
recovery of consciousness by 6 months postinjury is com-
mon in patients with severe TBI who have brainstem
microbleeds (i.e., grade 3 diffuse axonal injury). We rec-
ommend that SWI microbleed mapping be integrated with
multimodal neuroimaging techniques in future studies to
identify the specific components of the ascending arousal
network that are necessary and sufficient for recovery of
consciousness after traumatic coma.
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