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Abstract

Primary objective—To use breath-hold functional magnetic resonance imaging (fMRI) to
localize the brain regions with impaired cerebrovascular reactivity (CVR) in a female patient
diagnosed with mild traumatic brain injury (mTBI). The extent of impaired CVR was evaluated
two months after concussion. Follow-up scan was performed one year post mTBI using the same
breath-hold fMRI technique.

Research design—Case report.

Methods and procedures—fMRI blood oxygenation dependent level (BOLD) signals were
measured under breath-hold challenge in a female mTBI patient two months after concussion
followed by a second fMRI with breath-hold challenge one year later. CVR was expressed as the
percent change of BOLD signals per unit time of breath-hold.

Main outcomes—In comparison with CVR measurement of normal control subjects, statistical

maps of CVR revealed substantial neurovascular deficits and hemispheric asymmetry within gray
and white matter in the initial breath-hold fMRI scan. Follow-up breath-hold fMRI performed one
year post mTBI demonstrated normalization of CVR accompanied with symptomatic recovery.

Conclusions—CVR may serve as an imaging biomarker to detect subtle deficits in both gray
and white matter for individual diagnosis of mTBI. The findings encourage further investigation
of hypercapnic fMRI as a diagnostic tool for mTBI.

INTRODUCTION

Mild traumatic brain injury (mTBI) or concussion is a major public health concern [1].
Common symptoms associated with mTBI include headache, dizziness, nausea and
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cognitive impairment. There is significant concern for the potential additive effects of
repeated concussions, particularly in situations when brain injury sustained from an initial
concussion did not sufficiently recover [2-4]. As the uncomplicated mTBI are always
unaccompanied by the presence of skull fracture and a trauma-related intracranial
abnormality, the brain can often appear normal on clinical computed tomography and
magnetic resonance imaging (MRI) [5]. Depending on the mechanism of impact, brain
injury can be heterogeneous among individuals, making it difficult to identify common
imaging biomarkers for different patients with mTBI. Current treatment guidelines and
assessment of recovery status for mTBI rely upon the outcomes from neuropsychological
evaluation. A major focus of mTBI research is to identify biomarkers that can map subtle
injuries as well as monitor the long term recovery status for an individual patient with
mTBI. Since gross neurovascular deficits in mTBI have been reported via transcranial
Doppler ultrasound (TCD) under the breath-hold challenge [6], this study sought to apply
breath-hold functional magnetic resonance imaging (fMRI) to obtain regional responses of
the brain for an individual patient with mTBI. Breath-hold fMRI was used to map
cerebrovascular reactivity (CVR), a measure of cerebrovascular reserve which serves as a
regional indicator of healthy brain tissues vs. tissues with neurovascular compromise.
Insufficient cerebrovascular reserve as a possible biomarker for mTBI is best measured by
blood flow sensitive imaging technique under hypercapnic challenge which is not
measurable by other MRI techniques. This study evaluated the usefulness of CVR as a
biomarker for mTBI.

Two fMRI sessions separated by one year, were performed on a patient with mTBI under
breath-hold challenge. fMRI data were also acquired on five healthy subjects under the same
breath-hold protocol for comparison. The abnormal CVR in the mTBI patient demonstrates
the sensitivity of breath-hold fMRI technique in localizing subtle brain injuries. The
reduction of abnormal CVR in the follow-up scan of the same patient demonstrates the
capability of breath-hold fMRI to monitor the recovery of an individual patient with mTBI.

CASE REPORT

A 47-year-old female was diagnosed to have mTBI subsequent to blunt trauma to the right
temporal/periorbital region. She did not have loss of consciousness at the time of impact.
However, she had headaches and executive deficits (poor focus/attention) for approximately
five weeks post mTBI. Her initial fMRI scan with breath-hold challenge was performed two
months after the concussion when her symptoms had significantly but not completely
subsided. A follow-up fMRI scan with breath-hold challenge was performed one year later
with her mTBI symptoms resolved.

In the breath-hold challenge, the patient was instructed via visual cues to do 6 epochs of 30-
second breath-hold interleaved with 60-90 seconds of normal breathing. The total duration
of the breath-hold protocol lasted 10 minutes. Vital signs including heart rhythm,
respiration, blood pressure, end-tidal carbon dioxide level (PeTCO5) and oxygen saturation
were measured simultaneously with MRI acquisition to ensure that the patient performed the
breath-holding task properly. For comparison, the same breath-hold protocol was applied
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onto five healthy male control subjects (age range, 27-35 years) without previous history of
mTBI (HC1-5).

This study measured the changes of blood oxygenation dependent level (BOLD) fMRI
signals and the imaging parameters were: TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV
=220 mm, matrix = 64x64, thickness =5 mm, gap = 1 mm. The CVR map was generated
by subjecting BOLD data acquired during breath-hold challenge to regression analysis. The
BOLD data were imported into the software Analysis of Functional Neurolmage (AFNI) [7]
(National Institute of Mental Health, http://afni.nimh.nih.gov) for time-shift correction,
motion correction, normalization and detrending. Simple regression with a regressor of the
onset of breath-hold epochs was used. The map of percent BOLD signal changes per unit
time of breath-hold was derived as the CVR responses. CVR map of the mTBI patient and
individual healthy subject was registered onto their own anatomical scan and transformed to
the standardized space of Talairach and Tournoux [8]. In order to protect against type |
error, we used Monte Carlo simulation [9] to correct individual voxel probability threshold
of p < 0.005 to the overall significance level to a<0.05 for multiple comparisons. Regions of
breath-hold correlated change in cerebrovascular responses were clusters of at least 603
mm?3 in which each voxel was consistently active along the time series: t(421) > 2.82, p <
0.005 uncorrected. Analysis of resultant statistical parameter maps for CVR were therefore
at the overall corrected threshold of p < 0.05

The initial breath-hold fMRI scan at two months post concussion demonstrated hemispheric
asymmetry of CVR extending from the frontal gray matter to parietal white matter (Figure
1). A larger extent of CVR abnormality found in left cerebral hemisphere is consistent with
the right head impact and subsequent intracranial impact of the brain onto the inner wall of
the skull on the left. Clear CVR asymmetry was observed in both gray and white matter in
the frontal area. Besides the hemispheric asymmetry, MRI signal response time series in
both gray and white matter was asynchronous with the referenced hypercapnic stimulus
epochs in breath-hold challenge. In contrast, the MRI signal response time series of healthy
control subjects in both gray and white matter followed closely the referenced hypercapnic
stimulus time epochs in breath-hold challenges (Figure 2). The source of the difference in
CVR between mTBI patient and healthy controls lies in the observation that gray and white
matter MRI signal response time series of mTBI patient was asynchronous with the
referenced breath-hold time epochs. Both the hemispheric asymmetry and the abnormal
pattern of the MRI signal time series are powerful diagnostic markers for mTBI, making it
possible to make a diagnosis for an individual patient with mTBI.

In the follow-up breath-hold fMRI scan one year later, hemispheric asymmetry of CVR was
significantly reduced together with the normalization of MRI signal response time series that
was becoming synchronous with the referenced breath-hold epochs, leading to the
normalization of CVR responses. We believe that the follow-up hypercapnic fMRI findings
demonstrate objective evidence for mTBI recovery, consistent with the resolution of the
patients’ post-concussion symptoms. As is common in patients with mTBI, no brain lesion
or vascular lesion was identified by the high resolution T1-weighted MPRAGE, the clinical
T2-weighted FLAIR and the MR angiography scans in both initial and follow-up scan
sessions.
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DISCUSSION

The present findings provide preliminary evidence to support the use of CVR derived in
breath-hold fMRI as a biomarker for mTBI. In a TCD study [6], mTBI under breath-hold
challenge has been shown to manifest itself in the shape and delay of blood flow velocity
time series but not necessarily in the mean amplitude of CVR over breath-hold epochs.
Breath-hold fMRI is a significant step over TCD in developing regional CVR as an imaging
marker for mTBI. Notably, breath-hold fMRI is unique among MR techniques to be able to
demonstrate abnormal neurovascular responses in gray matter as well as white matter [10].
Breath-hold fMRI could supplement diffusion tensor imaging (DTI) of white matter deficits
in future research. Similar to previous successful CVR studies of vasculopathies [10-14] and
low to intermediate grade gliomas [15, 16], we selected Blood Oxygenation Level
Dependent (BOLD) MRI signals instead of MR perfusion parameters derived from dynamic
susceptibility contrast (DSC) Gadolinium perfusion and arterial spin labeling (ASL) data.
Intravenous injection of gadolinium is not a usual practice for the diagnosis and follow-ups
of patients with mTBI in clinical settings although a recent DSC study showed meningeal
leakage in acute stage of mTBI [17]. The sensitivity of ASL fMRI to white matter perfusion
is controversial [18]. The long repetition time of ASL acquisitions is also less optimal for
the short 30-second hypercapnic stimulus epochs which were designed to maximize safety
by minimizing the risk of triggering of mTBI symptoms (e.g. migraine attacks). The robust
CVR responses we obtained from our breath-hold epochs is noteworthy as most ASL CVR
studies used CO, inhalation and the long hypercapnic epochs reported in the literature
typically range from 45 seconds to 3 minutes [10, 19, 20].

Given the fundamental feature of heterogeneity of concussion injuries across the mTBI
population [21], individual diagnosis is an important goal to optimize the treatment and
management of patients with mTBI. Hypercapnic fMRI with its high sensitivity and high
spatial resolution appears to be a promising technology for individual-based assessments
whereas other popular fMRI approaches such as cognitive fMRI [22] and resting state [23]
normally require group averaging to resolve subtle functional deficits and some of them
require a priori hypothesis-driven fMRI analysis approach.

Interpretations of the present study should be considered in the context of acknowledged
limitations. Although the sample sizes were very small, we contend that the compelling
findings observed in the case study presented here may serve as proof of concept for future
work on the breath-hold BOLD-fMRI technique in larger samples of patients with mTBI.
Although the CVR map from breath-hold challenge replicates the primary features of
abnormal CVR reported under CO, challenge, changes in respiration (i.e., apnea during
breath-hold and ventilatory increases during CO,-inhalation) are known to serve as sources
of variance in the BOLD signal [24]. Future research of breath-hold effects would be needed
to establish a balance between high SNR provided by CO, inhalation and the convenience of
the breath-hold protocol which is widely practiced in clinics [14, 15].

Taken together the findings in the presented case support the use of breath-hold fMRI to
map CVR as a biomarker for mTBI. As a complement to the CVR maps, our detailed
analyses of the shape of the MRI signal time series strengthens our confidence in the
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aberrant findings observed in each of the presented cases. Compared to the referenced
breath-hold epochs, the change in MRI signal was asynchronous in the patient and
synchronous in the healthy controls (Figure 2). Moreover, the hemispheric asymmetry and
asynchronous MRI signal time series observed initially in the mTBI patient was observed to
‘normalize” with time, coincident with the resolution of the patient’s mTBI symptoms
(Figure 1). This finding is intriguing as it suggests that breath-hold fMRI could possibly
serve to inform objective guidelines for optimizing treatment and estimate the possible
consequences of repeated concussions [25, 26] Importantly, a biomarker with this capacity
could likely guide 'return to play/duty' decisions in athletes, military personnel and other at-
risk individuals with known mTBI history. This encourages the continued development of
the breath-hold fMRI technique for future clinical trials in patients with mTBI.
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Figure 1.
Statistical parametric map of cerebrovascular reactivity (CVR) for a patient with mTBI at

the initial scan two months post mTBI (upper panel) and the follow scan one year later
(lower panel). Upper panel: Negative CVR indicated by cool colors was observed in both
gray and white matter in the frontal and parietal areas, more on the left hemisphere, in the
initial scan of the mTBI patient. MRI signal time series were extracted from the selected
regions of interest in the left dorsolateral frontal area (blue circle) and in the right
dorsolateral frontal area (red circle). The shaded columns in the time series plots indicate
breath-hold epochs. The time series from the left medial parietal area was not in
synchronous with the breath-hold epochs. Lower panel: Positive CVR indicated by warm
colors was observed in the left parietal areas in the follow-up scan of the mTBI patient. The
MRI signal time series from the tissues in left (blue circle) and right (red circle) dorsolateral
frontal areas were in synchronous with the breath-hold epochs. a.u., arbitrary units.
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Statistical parametric maps of cerebrovascular reactivity (CVR) for five healthy subjects

(HC1-HC5). Positive CVR indicated by warm colors was observed in most of the brain

regions. The MRI signal time series from the tissues in left (blue circle) and right (red circle)
dorsolateral frontal areas of the healthy controls follow closely the breath-hold epochs. The
shaded columns in the time series plots indicate breath-hold epochs. a.u., arbitrary units.

Brain Inj. Author manuscript; available in PMC 2015 May 21.




