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Cerebrovascular reactivity changes in acute concussion: a 
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Background: Evidence suggests that cerebrovascular reactivity (CVR) increases within the first week after 
the incidence of concussion, indicating a disruption of normal autoregulation. We sought to extend these 
findings by investigating the effects of acute concussion on the speed of CVR response and by visualizing 
global and regional impairments in individual patients with acute concussion.
Methods: Twelve patients aged 18–40 years who experienced concussion less than a week before this 
prospective study were included. Twelve age and sex-matched healthy subjects constituted the control group. 
In all subjects, CVR was assessed using blood oxygenation level-dependent (BOLD) echo-planar imaging 
with a 3.0T MRI scanner, in combination with changes in end-tidal partial pressure of CO2 (PETCO2). In 
each subject, we calculated the CVR amplitude and CVR response time in the gray and white matter using 
a step and ramp PETCO2 challenge. In addition, a separate group of 39 healthy controls who underwent the 
same evaluation was used to create atlases with voxel-wise mean and standard deviation of CVR amplitude 
and CVR response time. This allowed us to convert each metric of the 12 patients with concussion and the 
12 healthy controls into z-score maps. These maps were then used to generate and compare z-scores for each 
of the two groups. Group differences were calculated using an unpaired t-test.
Results: All studies were well tolerated without any serious adverse events. Anatomical MRI was 
normal in all study subjects. No differences in CO2 stimulus and O2 targeting were observed between the 
two participant groups during BOLD MRI. With regard to the gray matter, the CVR magnitude step 
(P=0.117) and ramp + 10 (P=0.085) were not significantly different between patients with concussion and 
healthy controls. However, the tau value was significantly lower in patients with concussion than in the 
healthy controls (P=0.04). With regard to the white matter, the CVR magnitude step (P=0.003) and ramp 
+ 10 (P=0.031) were significantly higher and the tau value (P=0.024) was significantly shorter in patients 
with concussion than in healthy controls. After z-score transformation, the z tau value was significantly 
lower in patients with concussion than in healthy controls (Grey matter P=0.021, White matter P=0.003). 
Comparison of the three parameters, z ramp + 10, z step, and z tau, between the two groups showed that z 
step (Grey matter P=0.035, White matter P=0.005) was the most sensitive parameter and that z ramp + 10 
(Grey matter P=0.073, White matter P=0.126) was the least sensitive parameter. 
Conclusions: Concussion is associated with patient-specific abnormalities in BOLD cerebrovascular 
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Introduction

A non-blast-related concussion is a form of brain injury 
caused by either a direct blow to the head or an indirect 
injury in which force generated via impact to another 
part of the body is transmitted to the head (1). Mild 
traumatic brain injury (mild TBI) and concussion are 
used almost interchangeably (2). Thereby, we did not 
distinguish between concussion and mild/moderate TBI. 
Concussion results in a disturbance of brain function 
and is associated with a number of symptoms, including 
headaches, dizziness, verbal and visual impairment, fatigue, 
and poor concentration (3). Symptoms usually resolve 
spontaneously, but sometimes last for days, weeks, or even 
longer (4). With regard to concussion, our understanding 
of the pathophysiology that follows and the relationship 
with the occurrence and persistence of symptoms is  
limited (4). Furthermore, because of a lack of visible brain 
injury on conventional CT or MR images, the application 
of these techniques for single-subject diagnosis has not 
been achieved. Using advanced neuroimaging techniques 
can help distinguish a merged group of individuals with 
concussion from a merged group of controls (5). Therefore, 
it is important to develop a reproducible and objective 
diagnostic imaging biomarker for reliable detection of 
concussion in individual patients and for the prediction of 
recovery in concussed patients.

Concussion imaging research mainly focuses on neuronal 
damage with a lesser emphasis on vascular dysfunction. 
However, blood flow metrics may be more sensitive than 
measurements of neuronal integrity (6). It is known that the 
cerebral blood flow (CBF), vascular reserve, and blood-brain 
barrier integrity are altered, implying structural/functional 
dysfunction of the neuro-glio-vascular unit (7). The diagnosis 
of concussion majorly depends on the scale and main 
complaint of the patient; however, there is a lack of objective 

or quantitative diagnostic methods for concussion. In recent 
research, several advanced neuroimaging techniques have 
shown significant differences in white matter anisotropy, 
brain activation patterns, and resting CBF between a 
concussion patient group and a healthy control group (8). 
Although these studies have promoted our understanding of 
the impact of concussions on brain structure and function, 
the detection of differences in neuroimaging biomarkers in 
each group may not accurately reflect the pathophysiological 
mechanism behind the symptoms and injury status of 
individual patients with concussions. Cerebrovascular 
reactivity (CVR) reflects the ability of the vasculature to 
accommodate changes in blood flow demand; thus, it serves 
as a critical imaging tool for mapping the vascular reserve (9).  
It has long been used to clarify the underlying brain 
vascular physiology and pathophysiology in the presence of 
neurovascular diseases (10). Changing the arterial carbon 
dioxide partial pressure (PaCO2) and the actual vasoactive 
stimulus in a controlled manner is progressively more 
popular in non-invasive CVR studies (11). For clinicians 
and researchers interested in the role of CBF regulation in 
the pathophysiology of concussion, it is important to be able 
to assess the significance of changes in blood flow in the 
brain after a concussion. In the most common non-invasive 
MRI sequence, blood oxygen level dependence (BOLD) 
and arterial spin labeling (ASL) are used to evaluate CBF. 
The relationship between the BOLD signal and CBF 
is quite linear (12); the BOLD signal can be used as a 
substitute for CBF measurements (13). ASL is a technique 
that can directly measure CBF in brain tissue. However, the 
narrowing of blood vessels may increase the transit time, 
leading to the delayed arrival of the labeled protons, thereby 
causing errors in CBF measurement (14).

Controlled PaCO2 in BOLD magnetic resonance imaging 
(MRI), which measures CBF with a high spatial and temporal 

responsiveness that occur in the setting of normal global CVR. This study demonstrates that the 
measurement of CVR using BOLD MRI and precise CO2 control is a safe, reliable, reproducible, and 
clinically useful method for evaluating the state of patients with concussion. It has the potential to be an 
important tool for assessing the severity and duration of symptoms after concussion.
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resolution, has become increasingly popular in non-invasive 
CVR research (15). The CO2 CVR and CBF of BOLD MRI 
are very sensitive to small changes in PaCO2. Besides efforts 
to accurately measure PaCO2, CVR can be standardized 
further by the BOLD signal for actual changes in end-tidal 
partial pressure of CO2 (PETCO2). CO2 change stimulus 
affects the vascular response, thereby affecting the BOLD 
signal. All these characteristics of the stimuli need to be 
standardized to eliminate noise that introduces variability and 
produces comparable data between subjects and studies (16). 
The pathophysiology of concussion in humans is associated 
with microstructural perturbations including axonopathy, 
astrocytosis, neuroinflammation, and microvascular  
injury (16). The physiopathological change after brain 
concussion is the rapid release of neurotransmitters, which 
can cause ion imbalance across the neuron membrane. 
Reestablishing ion homeostasis consumes energy and causes 
dynamic changes in the brain glucose uptake. The extent 
and duration of these changes are related to the severity of 
the injury, and mild injuries show faster normalization. Sex 
differences in the brain further increase the performance 
of patients with concussion (17). One study compared the 
relative CBF graphs of the controlled assessment of 24 
concussion contact sports athletes obtained 24–48 hours after 
injury with the control group of 24 paired contact sports 
athletes. CBF detected in several brain regions of concussion 
athletes was significantly reduced (18). However, research 
has not yet addressed whether the resting flow disturbances 
are mediated by defects in neurogliovascular coupling or by 
direct injury to blood vessels. Human brain function mainly 
depends on continuous oxygen delivery and active regulation 
of metabolic nutrition CBF. The cerebrovascular function is 
accurately titrated through various physiological mechanisms 
and is characterized by complex integration. Although there 
is evidence that CBF regulation during exercise depends on 
changes in blood pressure, neurogenic activity, and cardiac 
output, their role as the main regulator of CBF on exercise 
response remains controversial. In contrast, the balance 
between the partial pressure of carbon dioxide and brain 
metabolism continues to gain empirical support (19). When 
arterial carbon dioxide stimuli are tightly controlled and 
applied during blood flow mapping using MRI, measurement 
of the speed and magnitude of the vasodilatory response, i.e., 
CVR, is accurate and reproducible (20-22), and thus, ideally 
suited for this purpose. 

Methods

Subjects and ethical approval

Participants were recruited in cooperation with the 
Hull-Ellis Concussion and Research Clinic. This study 
conformed to the standards set by the latest revised version 
of the Declaration of Helsinki (as revised in 2013) and was 
approved by the research ethics board of the University 
Health Network.

A prospective cohort of 12 subjects who experienced 
concussion less than one week before the commencement 
of the study and 12 age- and sex-matched controls were 
recruited. Inclusion criteria for this study were (I) age of 18–
40 years; (II) MRI scans obtained 1–7 days (median =4 days)  
from the time of injury; and (III) an initial Glasgow coma 
scale (GCS) score of 13–15; (IV) observation of any period 
of loss of consciousness less than 30 minutes or any post-
traumatic amnesia less than 24 hours, or record of change 
in mental status (confused, disoriented, or dazed); (V) 
clinical diagnosis of concussion by a neurosurgeon. Fifty-
one individuals without a history of (I) concussion or 
brain injury, (II) cerebrovascular disease, and (III) either 
remote or current neurological condition were recruited as 
healthy control subjects and their BOLD CVR images were 
collected. The following were the exclusion criteria: (I) age 
<18 years old, >40 years old; (II) MRI examination after 
1 week of onset; (III) pregnancy, medically documented 
history of previous brain injury, neurological disorders, 
or psychoactive medications; (IV) CT indication of any 
metal in the brain and body or known contraindication to 
MRI (such as a pacemaker or other non-MR compatible 
implanted device) as identified by safety screening; (V) drug 
addiction leading to cognitive changes; (VI) radiological 
examinations indicating intracranial lesions (tumor, 
hemorrhage, parasites, etc.); (VII) MRI data of the subject 
with head motion and artifacts; (VIII) and unusable data. 
A summary of participant characteristics can be found 
in Table 1. Each healthy control’s age = age of a patient 
with concussion ±2 years. Among these controls, 12 sex-
matched controls were used for comparison with the group 
of patients with concussion, and 39 were used to generate 
atlases for each of the following three metrics: CVR 
magnitude step, CVR magnitude ramp + 10, and CVR 
time response (tau). All patients provided written informed 
consent prior to study participation. 
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PETCO2 recording

In all subjects, changes in PETCO2 were achieved by precise 
delivery of CO2 via a face mask, using a sequential gas 
delivery breathing circuit connected to an automated gas 
blender (23) (RespirAct, Thornhill Research Inc., Toronto, 
ON, Canada). Before MRI assessment, all subjects were 
familiarized with the test by exposing them to hypercapnia 
for 1 min. The PETCO2 stimulus protocol was defined by 
the following sequence (Figure 1): normocapnia for 120 s at 
resting PETCO2, hypercapnia for 120 s at resting PETCO2 + 
10 mmHg, and normocapnia for 120 s at resting PETCO2. 
PETCO2 was then slowly reduced to the baseline PETCO2 – 
10 mmHg level by hyperventilation over 60 s, followed by 
a slow ramp increase to the baseline PETCO2 + 15 mmHg 
level over 240 s. Finally, PETCO2 was returned to the resting 
baseline level for 120 s. This device allows the precise 
manipulation of PETCO2 levels under isoxic conditions (24). 

Table 1 Summary of participant characteristics

Patient number CP-age (years) Sex HC-age (years)

01 39 F 38

02 32 M 30

03 40 M 39

04 34 F 33

05 18 F 20

06 29 F 29

07 22 F 22

08 31 M 30

09 29 M 29

10 24 M 24

11 28 F 28

12 40 M 39

CP, patients with concussion; HC, healthy controls.

Figure 1 Example of the end-tidal gas targeting for CO2 (A) and O2 (C) in a patient. The analysis was separated into step (B) and ramp + 10 
(D) segments. In (D), the red section starts at the patient’s resting end-tidal partial pressure of CO2 (PETCO2) and ends 10 mmHg above it; 
hence, the name ramp + 10.
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During the application of this protocol, blood pressure was 
recorded approximately every 2 min.

MRI

All images were acquired on a 3T scanner using an eight-
channel phased-array receiver coil (Signa; GE Healthcare, 
Milwaukee, Wisconsin). T1-weighted high-resolution images 
of 1 mm isotropic voxels were acquired for re-registration 
with BOLD CVR, as well as for spatial normalization and 
tissue segmentation into gray and white matter.

During the application of the CO2 stimulus protocol, 
BOLD CVR images were acquired with an echo-planar 
imaging gradient sequence (Repetition time/Echo time 
=2,400/30 ms, matrix size =64×64, isotropic voxel size  
=3.5 mm, and flip angle =85°).

Analysis

PETCO2 and statistics
First, PETCO2 was time-shifted to approximately match 
the average BOLD signal. A correlation was calculated 
between PETCO2 and all voxels of the brain. Second, 
“Healthy” voxel time series with correlations exceeding 0.7 
were averaged together and used as a reference to re-adjust 
PETCO2. Finally, PETCO2 was re-sampled to match the time 
resolution of the BOLD signal. Multivariate regression 
analysis and covariate-adjusted analysis of variance were 
used for the statistical analysis. Baseline PETCO2 was a 
covariate in the covariate-adjusted analysis. Multivariate 
regression analysis was used to compare the differences in 
CVR indicators between the patient and the control group 
to correct for age and sex.

CVR magnitude step
The raw BOLD signal was first linearly detrended and 
scaled, such that the mean baseline raw signal was 100. The 
CVR magnitude step metric was obtained by calculating the 
slope of linear regression of the BOLD signal with PETCO2 
over the step section of the protocol (Figure 1B). CVR 
magnitude step was therefore expressed as %BOLD per 
mmHg. The calculation was repeated for all voxels of the 
brain to generate a map (Figure 2).

CVR magnitude ramp + 10
This metric was obtained using the same method as above 
over the ramp section of the protocol (Figure 1D). This 
section started at the patient's own resting PETCO2 and 

ended 10 mmHg above it. It was therefore named ramp + 
10. The associated maps are shown in Figure 2.

CVR time response, tau
Tau is a measure of the inverse speed of CVR response. 
Short tau is equivalent to fast responses and long tau to 
slow responses. This metric was determined by the linear 
regression of the BOLD signal using PETCO2 convolved with 
an exponential function over the step section of the protocol 
(Figure 1B). The time characteristic, tau, of the exponential 
that best fits the BOLD signal is a measure of CVR response 
time. This method is explained in further detail elsewhere (25). 
Note that the tau values of voxels with negative amplitudes 
experiencing a steal phenomenon are in fact governed by 
healthy positive voxels. Because those time responses do not 
represent the response of the local vasculature, their associated 
voxels were removed in the subsequent steps of the analysis. 
The maps are shown in Figure 2.

Spatial normalization
T h e  h i g h - r e s o l u t i o n  T 1 - w e i g h t e d  v o l u m e  w a s 
segmented and spatially normalized using spm8 (26). 
The normalization was achieved by re-registration to the 
Montreal Neurological Institute (MNI) atlas using an affine 
followed by non-linear re-registration. The segmentation 
provided probability maps of the gray matter, white matter, 
and cerebrospinal fluid. The calculated transformation 
matrix was then applied to the CVR maps in order to 
combine multiple subjects.

z maps

For each metric, the atlas was defined as a map of the mean 
(μ) and a map of the standard deviation (σ) across the 39 
normalized healthy controls. These atlases were subsequently 
used to calculate voxel-wise z-scores using the equation  
z = (x − μ)/σ, where x is one of the 3 metrics (Figure 3).

Brain average and z-score

A comparison of individual results to z-score atlases of 
controls can potentially provide individual subject diagnostic 
capability (27). Z-score is a very important statistical 
parameter. When the distribution form of the original 
score is normal, all the original scores are transformed 
into z-scores, and the standard normal distribution is 
achieved. The application of z-score is mainly to express the 
relative position of each original data. It could express the 
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proportion of data below or above the mean. z=−2 and z=2 
indicate that the total score is two standard deviations from 
the top to the bottom.

The average CVR magnitude ramp + 10,  CVR 
magnitude step, and CVR response time tau of the gray 
and white matter were extracted for each of the 12 healthy 
controls and 12 patients with concussion. Group differences 
were calculated using an unpaired t-test. The same process 
was repeated using z-scores of these three metrics.

Results

Study tolerability

All study participants successfully completed the full 
imaging study without any serious adverse events.

Original metrics

Mean maps for CVR magnitude ramp + 10, CVR 
m a g n i t u d e  s t e p ,  a n d  C V R  r e s p o n s e  t i m e  ( t a u ) 
corresponding to patients with concussion and healthy 
controls are shown in Figure 2. With regard to the gray 
matter, the CVR magnitude step (P=0.117) and ramp + 
10 (P=0.085) were not significantly different between 
patients with concussion and healthy controls. However, 
the tau value was significantly lower in patients with 
concussion than in healthy controls (P=0.004). With 
regard to the white matter, we found that the CVR 
magnitude step (P=0.003) and ramp + 10 (P=0.031) 
were significantly higher and the tau (P=0.024) was 
significantly shorter in patients with concussion than in 
healthy controls.

Figure 2 Mean maps of patients with concussion and healthy controls for CVR ramp + 10 (A and B), CVR step (D and E), and CVR tau (G 
and H). Note that some areas in the CVR tau map (h) are masked out because of negative CVR amplitudes. C, F, and I represent the mean 
CVR ramp + 10, CVR step, and CVR tau in patients with concussion and healthy controls, for the gray and white matter separately. A t-test 
was performed to compare differences in the above metrics between patients with concussion and healthy controls (*, P<0.05; **, P<0.005). 
CVR, cerebrovascular reactivity; BOLD, blood oxygenation level dependence; CP, patients with concussion; HC, healthy controls; GM, 
gray matter; WM, white matter.
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z-scores of the metrics

Figure 3 shows the means of the z step, z ramp + 10, and z tau 
for patients with concussion and healthy controls. This figure 
also shows that after z-score transformation, the z step values 
corresponding to the gray matter and white matter were 
significantly higher and lower (Grey matter P=0.035, White 
matter P=0.005), respectively, in patients with concussion than 
in healthy controls. We observed the same trend for z tau 
(Grey matter P=0.021, White matter P=0.003) and z ramp + 
10, but the differences were not significant for z ramp + 10 in 
either the gray matter or white matter (Grey matter P=0.073, 
White matter P=0.126). The subjects with acute concussion 
exhibited significantly larger and faster CVR responses than 
the healthy controls, especially in the white matter. 

z-score analysis

The z-scores were calculated to provide more detailed 

results. Using z-score analysis and processing software 
(SMP8; Department of Imaging Neuroscience, London), 
each individual brain volume was co-registered from the 
normative data into the MNI standard space. The CVR 
value of each subject was scored by assigning z-scores 
according to the average and SD values of the corresponding 
voxels of the map, and then each z-score was calculated 
based on the voxel numbers. z=−2 refers to the comparison 
of voxel numbers that have z-scores of −2. The co-
registered T1-weighted anatomical images were segmented 
into gray and white matter using the aforementioned 
SMP8 software. For each subject, the average z-scores of 
the gray and white matter were calculated. Table 2 shows 
the differences between the patients with concussion and 
healthy controls. Comparison of the three parameters, z 
ramp + 10, z step, z tau, between the two groups showed 
that z step was the most sensitive parameter and that z 
ramp + 10 was the least sensitive parameter. With regard to 

Figure 3 The mean maps of patients with concussion and healthy controls for z ramp + 10 (A and B), z step (D and E), and z tau (G and H). 
C, F, and I represent the mean z ramp + 10, z step, and z tau in patients with concussion and healthy controls, for the gray and white matter 
separately. A t-test was performed to compare the differences in the above metrics between patients with concussion and healthy controls (*, 
P<0.05; **, P<0.005). CP, patients with concussion; HC, healthy controls; GM, gray matter; WM, white matter.
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z-scores for the white matter and gray matter, z ramp + 10 
scores did not show marked difference either when z=−2 or 
when z=2, but this difference is significantly amplified for z 
tau when z=−2. The largest difference between the patient 
and control groups was seen in the z step and z tau scores. 
These results show that the CVR response is markedly 
faster in patients with concussion than in healthy controls. 
In patients with concussion, the white matter was more 
sensitive than the gray matter, with regard to the z step and 
z tau; this difference in the sensitivities of the white matter 
and gray matter is higher in patients with concussion than 
in healthy controls. The results show that the white matter 
is more easily damaged after concussion than the gray 
matter (Table 2). This indicates that the white matter shows 
more significant changes in CVR than the gray matter in 
patients with concussion. 

Discussion

CVR is the expansion or contraction of blood vessels in 
response to stimulation. CVR is a reliable indicator for 
evaluating vascular reserve and self-regulating efficiency. 
CVR decline is related to normal aging (26) and is the 
most reliable neuroimaging predictor of impending 
cerebrovascular disease (28). Qualitative CVR information 
can be collected from the response of fMRI to any task (29),  
but to obtain quantitative CVR values, stimulants are 
usually required. Changes in intravascular CO2 can induce 
a strong CBF response, and CO2 inhalation is considered 
the best form of stimulation. Although the midbrain CO2 
chemoreceptor can regulate respiration and blood flow, 
it also actively adjusts CO2-related blood pH to partially 
maintain homeostasis. Therefore, hypercapnia induced 
by increased arterial CO2 content activates intravascular 
potassium channels (30), resulting in a substantial increase 
in CBF, but no significant increase in metabolic rate (31).  

Our previous research has shown that based on the 
expected goal of staged changes in PETCO2, the first to use 
an uneven task design: a rapid CO2 rise (Step) followed 
by a slow CO2 rise (Ramp) (32). People usually raise 
PETCO2 by 10 mmHg. The motivation for this design is 
to more accurately estimate the CVR response time and 
may reflect the amplitude of arterial response (33). In 
addition, both hypercapnia and hypocapnia are gradually 
induced by Step stimulation. It has been shown that the 
different segmentation of Ramp results in PETCO2 values of  
30–50 mmHg, showing different spatial patterns in CVR, 
which can supplement traditional CVR information (34). 
This design uses both hypercapnia and hypocapnia for 
CVR estimation, making the deviation caused by the basal 
vascular tone more robust (35).

This study shows that CVR metrics have a high degree 
of sensitivity for detecting the presence of an acute 
concussion. To the best of our knowledge, their sensitivities 
and specificities exceed any other known detection methods. 
A previous study has demonstrated that acute and subacute 
concussion are associated with alterations in CVR that 
can be reliably detected by brain MRI-CO2 stress testing 
in individual patients (36). Our results indicate that CVR 
response is larger and faster in patients with concussion 
than in healthy controls. Measurement of CVR using 
BOLD MRI and precisely controlled CO2 has been shown 
to be a safe, reliable, reproducible, and clinically useful 
method for the assessment of patients with concussion (37).  
MPET of CO2 applied to BOLD MRI yields superior 
spatial resolution and ability to evaluate the whole brain and 
specific regions compared to ASL (36).

Sobczyk et al. stated that compared with the reference 
map, the CVR of the corresponding voxel is scored 
according to its z-score by comparing with the reference 
atlas (25). This normalizes the voxel CVR score of the 
anatomical location and provides its probability score within 

Table 2 Differences in z-scores between patients with concussion and healthy controls

Z-scores
Ramp + 10 Step Tau

GM WM GM WM GM WM

Z = +2 0.087 0.050 0.140 0.010* 0.696 0.896

Z = −2 0.568 0.471 0.342 0.024* 0.017* 0.005*

Mean 0.214 0.387 0.028*  0.001** 0.122 0.032*

Median 0.265 0.451 0.017*  0.001** 0.075 0.022*

*, P<0.05; **, P<0.005. GM, gray matter; WM, white matter.
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the normal range. The size of the z-score (a larger number 
means a lower probability of normal response) is color-
coded and superimposed on the subject’s anatomical scan, 
providing a comprehensive view of the normal and abnormal 
response distribution in the scan. Therefore, this CVR 
scoring technique takes into account the anatomical location 
of voxels and normal variability. This is especially important 
in the study of concussion, because the damage of concussion 
may be diffuse or isolated. Therefore, in our study, we chose 
the z-score and z map as comparative indicators.

CVR is increased in patients with concussion 

Our study shows that the CVR is increased in patients with 
concussion. Such changes may be related to the underlying 
pathophysiology (38). Evidence suggests that CVR increases 
within the first week after concussion, and this presumably 
indicates a disruption of normal autoregulation (36). This 
may be because of the dysregulation of the autonomic 
nervous system. This exaggerated response indicates 
damage to the normal cerebrovascular autoregulation 
function, which is worthy of further study. Interestingly, 
the shortened latency and increased amplitude of the 
CVR response were consistent with the symptoms of 
“physiological” concussion. People with concussions may 
experience migraine-like symptoms even during mild 
exercise, which explains the severe regional headaches 
they may experience. Differences in the mechanism of 
impact in patients with concussion results in heterogeneity 
among individuals. Consequently, it is difficult to identify 
common imaging biomarkers for different patients with  
concussion (39) .  A concussion is  associated with 
inflammation, glymphatic clearance disorders, and cellular 
damage with physiological perturbations that may extend 
chronically beyond recovery (40). Glymphatic clearance 
is dependent on arterial blood flow (41), which may be 
affected by impaired autonomic regulation. Another 
possible reason for changes in CVR after concussion is 
inflammation. After a concussion, the autonomic system 
may show altered vascular myogenic tone and/or altered 
vagal, abnormal autonomic nervous system integration, 
inappropriate hemodynamic responses with reduced 
capacity to react to the needs of increased systemic 
metabolic demand, and/or abnormality of the sympathetic 
nervous system function (1). According to reports, although 
glial fibrillary acidic protein is a promising biomarker for 
concussion, its differential role is limited to 72 hours after 
injury (42). The extended utility of CVR indicators in 

concussion has clinical value, especially because patients 
with concussion usually do not seek medical treatment 
immediately. Several neuroimaging techniques, such as 
diffusion tensor imaging, BOLD, and ASL, have advanced 
our understanding of the effects of concussion on brain 
structure and function. However, individual responses 
to concussion and the pathophysiological processes of 
concussion are not clear. Because each person shows 
differences in anatomy, vulnerability to injury, mechanism of 
injury, and changes in abnormalities over time, concussion 
affects people differently (43). The imaging results in this 
study provide novel information about acute concussion and 
potential brain areas showing altered function.

White matter is more sensitive than gray matter

The most surprising aspect of our study was the increase 
in both the speed and magnitude of CVR and this 
effect was strongest in the white matter. Pathological 
conditions are usually characterized by reduced response 
to various neurovascular diseases, including arteriovenous 
malformations, moyamoya disease, sickle cell disease, and 
vascular dementia. DTI is also sensitive to early and chronic 
white matter changes in concussion, and preliminary 
evidence suggests that this imaging technique has prognostic 
value (44). White matter diffusivity differed between the 
groups in multiple white matter tracts, including the corpus 
callosum, cingulum bundle, and thalamic radiations (45).  
According to  d i f fus ion measurement  indicators , 
microstructural white matter changes have been reported 
in studies of concussion intervals ranging from less than 
24 hours to 6 months (27). CVR may serve as an imaging 
biomarker to detect subtle deficits in both the gray matter 
and white matter for the diagnosis of individual concussions 
and help find the relationship between changes in the brain 
and symptoms manifesting after a concussion. The findings 
encourage further investigation of hypercapnic BOLD 
as a diagnostic tool for concussion (46). A concussion is 
associated with abnormal white matter microstructure 
and poor neurocognitive performance (47). Acute effects 
of concussion are associated with both hyperconnectivity 
and hypoconnectivity, with a disruption of white matter 
integrity (48).

Reason for increased magnitude and speed of response in 
patients with acute concussion

The increase in the magnitude and speed of CVR in 
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patients with an acute concussion is difficult to explain as 
it represents a supernormal response to the vasodilatory 
stimulus. In order to better understand this contradictory 
response, the role of glial cells in regulating “neurovascular 
coupling” in the brain should be considered. Selective 
stimulation of glial cells can trigger vasoconstriction 
and/or dilatation (49). In light of current concepts of 
gliovascular and neurovascular coupling, disruption of the 
gliovascular modulation by physical injury may interrupt 
the “braking” system of blood flow control. Interestingly, 
glial-driven vascular responses have the characteristics of 
“large amplitude” and “short latency” and are considered 
to be direct glial-vascular signal transmission functions 
without the need for neurons as intermediaries (49). An 
increase in O2 delivery could result in additional injury via 
free radical toxicity. Proper regulation of CBF is critical 
for brain health and survival. CBF is precisely regulated by 
the neurovascular unit to ensure brain energy demands are  
met (50). Neurovascular coupling mechanisms increase the 
flow of blood to regions showing neuronal activity to sustain 
neuronal function (51). The pathological mechanism of 
concussion may involve damage to the NVU, which results 
in dysregulated CBF and neurovascular uncoupling.

Limitations

BOLD has advantages over positron emission tomography. 
It has greater time and spatial resolution than ASL, provides 
greater coverage, requires a shorter scan time, and is a 
sequence more commonly available on clinical scanners. 
However, specific artifacts are associated with BOLD, such 
as those arising from differences in baseline metabolism 
and alterations in cerebral blood volume (such as increased 
signal changes over venous pools of blood). Blood pressure 
is a key confounding factor, which affects the interpretation 
of CVR (39). However, in these experiments, we were 
limited by constraints imposed by the MRI environment on 
blood pressure measurement.

Conclusions

This study demonstrated that the measurement of CVR 
using BOLD MRI and precisely controlled CO2 is a 
safe, reliable, reproducible, and clinically useful method 
for patients with concussion. Our findings suggest that 
concussion is associated with patient-specific abnormalities 
in BOLD-CO2 cerebrovascular responsiveness that 
occur in the setting of the global CVR atlas. This study 

demonstrated that z step and z tau CVR could be validated 
and serve as objective biomarkers for the diagnosis or 
prediction of outcomes of concussion, which can facilitate 
evidence-based treatment of patients with concussion, 
especially targeting the white matter regions of the brain. 
Furthermore, the present study provides novel insights into 
the relationship between concussion and white matter z 
step CVR. Overall, this method holds great potential and 
promise for the prognosis of concussion and prediction 
of possible symptoms, because it is cost-effective, non-
invasive, and highly sensitive in detecting CVR. It has the 
potential to be an important tool for assessing the severity 
and duration of symptoms after concussion and concussion 
diagnosis.
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