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Maintenance of cerebral perfusion is dependent on auto-
regulation of systemic blood pressure (BP) and endo-

thelium-dependent reactivity of the cerebral circulation to 
stimuli such as carbon dioxide (CO

2
).1–3 Endothelial dysfunc-

tion is emerging as a significant pathophysiological feature of 
cerebral small vessel disease,4,5 which contributes to ≤30% of 
strokes6 and 40% of dementia,7,8 and is independently associ-
ated with hemodynamically significant carotid stenosis9 and 
the associated risk of recurrent stroke10,11 and revasculariza-
tion injury after carotid endarterectomy.12

Accurate and practical measurement of cerebrovascular 
reactivity (CVR) to CO

2
 is critical to understanding its patho-

physiological role and potential as a treatment target. Previous 

reports have used a range of methods to assess CVR, demon-
strating that abnormal responses to breath holding (BH) are 
associated with a >3-fold increased risk of recurrent stroke 
in patients with severe stenosis or carotid occlusion13,14 and a 
5-fold increased risk of cognitive deterioration in mild cog-
nitive impairment patients,15,16 that a 10% reduction in CVR 
during CO

2
 inhalation on magnetic resonance imaging is as-

sociated with a 30% to 50% increased severity of small vessel 
disease,17 and that abnormal responses to hyperventilation are 
linked to an increased risk of recurrent stroke in severe ca-
rotid stenosis18 and to vascular and degenerative dementia.19 
However, the most valid and practical methods to assess 
CVR are uncertain, particularly because CVR responses are 
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assumed to measure cerebrovascular endothelial responses to 
CO

2
, disregarding any contribution of changes in BP.
Therefore, we determined the feasibility, practicality, and 

physiological validity of BH and hyperventilation testing 
for assessment of CVR on transcranial Doppler ultrasound 
in a pragmatic, large population-based prospective cohort of 
patients with acute transient ischemic attack or minor stroke.

Methods

Study Population
Consecutive, consenting patients with transient ischemic attack or 
minor stroke were recruited between April 2011 and April 2018, 
as part of the phenotyped cohort of the OXVASC (Oxford Vascular 
Study).20,21 Participants were recruited at the OXVASC daily emer-
gency clinic, either following a referral after attendance at the 
Emergency Department or after direct referral from primary care, usu-
ally within 24 hours. Patients were referred after transient neurological 
symptoms or symptoms consistent with a minor stroke, not requir-
ing direct admission to hospital. The OXVASC population consists of 
>92 000 individuals registered with about 100 primary-care physicians 
in Oxfordshire, United Kingdom, with extensive clinical assessment 
and prospective face-to-face follow-up, as reported previously.21,22

As part of the OXVASC cohort, a routine prospective cardiovas-
cular physiological assessment is performed at the 1-month visit, 
including a BH assessment of CVR since April 2011 and hyperventi-
lation since September 2011. Participants were excluded if they were 
<18 years of age, cognitively impaired (The Mini-Mental State Exam 
<23), pregnant, had active cancer, autonomic failure, a recent my-
ocardial infarction, unstable angina, heart failure (New York Heart 
Association 3 to 4 or ejection fraction <40%), or untreated bilateral 
carotid stenosis (>70%). OXVASC is approved by the Oxfordshire 
Research Ethics Committee. Requests for access to the data and anal-
ysis tools in this article will be openly considered. Please contact the 
chief investigator of OXVASC for further information (peter.roth-
well@ndcn.ox.ac.uk).

Assessment of CVR
CVR was assessed by BH and hyperventilation. Patients under-
went continuous, noninvasive BP monitoring (Finometer MIDI; 
Finapres Medical Systems), end-tidal CO

2
 (etCO

2
) via nasal cannulae 

(Capnocheck Plus; Smith Medical), ECG at 200 Hz (Finometer MIDI), 
and bilateral middle cerebral artery blood flow velocity. The middle ce-
rebral artery was ideally defined by the peak flow velocity identifiable 
at the nearest depth to 50 mm at an appropriate insonation angle, in a 
vessel with flow toward the probe extending for at least 0.5 cm.

After establishing reliable monitoring, patients remained at su-
pine rest for 10 minutes. They were instructed how to perform the BH 
procedure and then asked to hold their breath at the end of a normal 
volume inspiration for 30 seconds. At the end of 30 seconds, or if the 
patient was unable to maintain apnea, they were asked to exhale via 
their nose to end expiration. If an inadequate BH was achieved, or if 
there was a significant Valsalva effect (mean blood pressure [MBP] 
decrease of >10 mm Hg in the first half of the BH), the patient was 
instructed again on how to perform the maneuvre, concentrating on 
taking a normal tidal volume inspiration, and the procedure was re-
peated. After normalization of cerebral blood flow and a minimum 
of 1 minute of rest, the patient was instructed as to how to hyperven-
tilate. They were then asked to hyperventilate via their nose for 30 
seconds at a normal tidal volume and a rate of 30 to 60 breaths per 
minute. If the fall in etCO

2
 was inadequate, the patient was asked to 

increase their respiratory rate or tidal volume to target a minimum 
10% fall in etCO

2
. The test could be repeated once if inadequate.

Analysis
All data were acquired in Labchart v8 and analyzed with dedicated 
in-house software (Matlab). Systolic BP, diastolic BP, MBP, etCO

2
 

and peak, trough, and mean flow velocity (MFV) on transcranial 

Doppler (TCD) were extracted, with automated detection of base-
line values (mean over 5 seconds before apnea or hyperventilation) 
and minimum or maximum values at end of respiratory maneuvres 
and during the first 30 seconds of recovery. All records were visually 
reviewed and manually corrected by 2 independent assessors blind 
to clinical information and scored for quality of recording (unusable, 
severe artifact and likely inaccurate, adequate quality, high quality, 
optimal quality). Only records with adequate to optimal quality of 
BP, capnography, and at least 1 TCD side were included. For TCD 
analysis, the side with the better recording quality on blinded assess-
ment was used; if both sides were considered of equal quality, the 
right side was used.

Change in BP, flow velocity, or etCO
2
 was calculated as the ab-

solute increase (BH) or decrease (hyperventilation) from baseline to 
the greatest absolute change, and as the change in MFV per mm Hg 
change in etCO

2
, expressed as absolute values or percentage change 

from baseline. Associations between change in each variable and age 
or demographics were determined by linear regression for continuous 
variables or t tests for binary variables. Agreement between left and 
right MCA was visualized by Bland-Altman plots.

Associations between demographics, etCO
2
, and BP with change 

in MFV, peak systolic velocity (PSV), or end-diastolic velocity (EDV) 
were determined by general linear models for change in etCO

2
 and 

change in systolic BP, diastolic BP, or MBP, unadjusted and adjusted 
for age and sex. A nonlinear interaction between ∆BP and ∆etCO

2
 was 

empirically determined by simulation with sequential inclusion of indi-
viduals by ∆BP for a threshold above and below which there was an 
independent association between ∆etCO

2
 and ∆MFV. General linear 

models were repeated with stratification of independent variables (∆BP, 
∆etCO

2
) at this empirically determined threshold and across quartiles.

P<0.05 was taken as significant. Analyses were performed in 
IBM SPSS v25, Matlab r2015, or Windows Excel.

Results
Four hundred eighty-eight of 602 patients with adequate bone 
windows (81%) had good-quality recordings during BH, of 
whom 426 had good-quality hyperventilation tests. Good-
quality recordings were more common in younger participants 
(64.6 versus 68.7 years; P<0.005), with no significant differ-
ences in demographics or baseline TCD measures between 
patients with only BH, only hyperventilation, or both tests 
(Table  1). For patients with bilateral recordings, there was 
good agreement between sides, with no significant evidence 
of bias on regression of Bland-Altman plots (BH: r=0.129, 
R2=0.17, P=0.087; hyperventilation: r=0.039, R2=0.002, 
P=0.606; Figure I in the online-only Data Supplement).

Baseline BP, MFV, and etCO
2
 were negatively correlated 

with age, while women had lower etCO
2
 and MFV. Patients with 

hypertension had lower baseline MFV, whereas current smokers 
had higher baseline MFV (Table 2). However, there was no cor-
relation between baseline etCO

2
 and MFV (r=0.089, P=0.051) 

and between baseline MBP and MFV (r=−0.027, P=0.559).
Age was associated with a smaller increase in MFV and 

MBP but a larger increase in etCO
2
 during BH but during hy-

perventilation was only associated with a greater fall in MBP, 
with no association with change in MFV or etCO

2
 (Table 2). In 

contrast, MBP and MFV increased more in women during BH, 
whereas there was no significant difference between sexes in 
response to hyperventilation. Use of antihypertensives was as-
sociated with a lesser increase in MFV during BH, despite only 
a nonsignificant relationship with decrease in MBP, with no 
significant change during hyperventilation (Table 2). In con-
trast, although atrial fibrillation and smoking were associated 
with significant differences in change in etCO

2
, they were not 

associated with any difference in change in MFV.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.027829
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Relationship Between BP, CO2, and Cerebral  
Blood Flow
During BH, there was a significant increase in MFV, which 
was correlated with a concurrent increase in MBP (r2=0.15, 
P<0.001; Table  3) but was not correlated with the increase 
in CO

2
 (r2=0.002, P=0.32). However, during hyperventilation, 

the fall in MFV was correlated with both reduction in CO
2
 and 

reduction in MBP (Figure 1), with a similar strength of asso-
ciation between both CO

2
 and MBP with MFV. These associa-

tions persisted after adjustment for age and sex (Table 3) and 
when assessing percentage change from baseline (Table 3) or 
absolute change (Table I in the online-only Data Supplement), 
with an average 0.3% increase in MFV per 1% increase in 
etCO

2
 during hyperventilation, consistent before and after ad-

justment, and across strata of change in BP.
Change in MFV was significantly associated with both 

changes in PSV and EDV for both respiratory tests. Although 
with both tests there were similar associations between sys-
tolic BP with PSV and diastolic BP with EDV (Tables II and 
III in the online-only Data Supplement), there was no relation-
ship during BH between change in etCO

2
 and either PSV or 

EDV. In contrast, during hyperventilation, etCO
2
 was associ-

ated with change in both PSV and EDV.
Although there was no significant linear interaction be-

tween change in CO
2
 and change in MBP with change in 

MFV during BH, there was a nonlinear interaction on empir-
ical modeling (Figure II in the online-only Data Supplement); 

conversely, there was a significant linear interaction between 
change in CO

2
 and change in MBP during hyperventilation. 

The association between change in etCO
2
 with change in 

MFV with sequentially increasing levels of change in MBP 
demonstrated a threshold effect for a significant association at 
an ≈10% change in MBP during both respiratory tests (Figure 
III in the online-only Data Supplement). In the subgroup of 
patients with a change in MBP of <10% during BH, there was 
a significant association between change in etCO

2
 and change 

in MFV, with no association in patients with a change in MBP 
>10% (Table  3). Similarly, there was a stronger association 
between change in MBP and change in MFV in patients with 
change in CO

2
 <10%.

During hyperventilation, the relationship between change 
in etCO

2
 and change in MFV was slightly greater in patients 

with a change in MBP <10%, but it remained significant 
in patients with a change in MBP >10%, while there was a 
stronger relationship between MBP and MFV in patients with 
a change in CO

2
 <10% (Table 3).

Although 53.1% (259 of 488) of patients performed an 
involuntary Valsalva maneuvre during BH, despite repeated 
instruction, there was no difference in the strength of associa-
tions with change in MFV in patients performing a Valsalva 
for either CO

2
 (P=0.151 and P=0.631, respectively) or MBP 

(r2=0.147, P<0.0005, versus r2=0.128, P<0.0005), despite a 
lower average change in MFV (Table 2). Baseline MBP was 
associated with ∆MFV during both BH and hyperventilation, 
but baseline etCO

2
 was only associated with ∆MFV during 

hyperventilation. This reflected the association between base-
line values and ∆MBP and ∆etCO

2
, respectively (Table  2). 

Across quartiles of baseline MBP during hyperventilation, 
∆MBP decreased with a corresponding smaller decrease in 
MFV (Figure IV in the online-only Data Supplement). There 
were no significant associations between the cerebrovascular 
responses to hyperventilation versus BH, either for percentage 
change in MFV (r2=0.006, P=0.09) or percentage change in 
MFV per percentage change in CO

2
 (r2=0.0006, P=0.61), al-

though there was a weak association between absolute changes 
in MFV on the 2 respiratory maneuvres (r2=0.03, P=0.0003), 
reflecting the overall magnitude of MFV.

On stratifying change in MBP or etCO
2
 into quartiles, 

∆MFV increased linearly across all quartiles of ∆MBP during 
BH, with no difference in ∆MFV across quartiles of ∆etCO

2
. 

However, there was a linear decrease in ∆MFV across quar-
tiles of ∆etCO

2
 during hyperventilation (Figure 1). Similarly, 

the magnitude of the relationship between ∆etCO
2
 and ∆MFV 

varied by quartile of ∆MBP during BH, before and after ad-
justment for confounders, with the only significant associ-
ation in the lowest quartile of ∆MBP (Figure 2). However, 
during hyperventilation, the magnitude of association (the 
CVR) between ∆etCO

2
 and ∆MFV was consistent across 

quartiles of ∆MBP, before and after adjustment for baseline 
MFV and age and sex.

Discussion
In the prospective OXVASC phenotyped cohort of patients 
with recent transient ischemic attack or minor stroke, cerebral 
blood flow responses to apnea were principally determined by 
increases in systemic BP, while etCO

2
 only induced changes 

Table 1.  Clinical Characteristics of Patients With Adequate Quality 
Assessments of Cerebrovascular Reactivity

BH (n=488)
Hyperventilation 

(n=426) P Value

Age, y; mean (SD) 64.9 (13) 64.8 (15) 0.90

Sex—male; n (%) 298 (61.1%) 262 (61.5%) 0.89

Hypertension, n (%) 202 (41.4%) 179 (42.0%) 0.84

Diabetes mellitus, n (%) 44 (9.02%) 41 (9.62%) 0.75

AF, n (%) 37 (7.58%) 32 (7.51%) 0.97

Hyperlipidemia, n (%) 135 (27.7%) 115 (27.0%) 0.82

Migraine, n (%) 146 (29.9%) 127 (29.8%) 0.93

Smoke current, n (%) 85 (17.4%) 71 (16.7%) 0.72

Carotid stenosis—any 
degree, n (%)

26 (5.32%) 22 (5.16%) 0.84

PWV mean, mean (SD) 9.16 (2.5) 9.12 (2.4) 0.85

SBP base, mean (SD) 127 (22) 130 (25) 0.05

DBP base, mean (SD) 70.6 (11) 71.2 (12) 0.38

MBP base, mean (SD) 89.2 (13) 90.7 (15) 0.11

CO
2
 base, mean (SD) 42.3 (6.7) 42.6 (6.0) 0.49

PSV base, mean (SD) 78.5 (20) 78.0 (20) 0.69

EDV base, mean (SD) 37.9 (10) 37.0 (10) 0.20

MFV base, mean (SD) 51.4 (13) 50.7 (13) 0.38

Comparisons are by t tests. AF indicates atrial fibrillation; BH, breath holding; 
CO

2
, carbon dioxide; DBP, diastolic blood pressure; EDV, end-diastolic velocity; 

MBP, mean blood pressure; MFV, mean flow velocity; PSV, peak systolic 
velocity; PWV, pulse wave velocity; and SBP, systolic blood pressure.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.027829
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.027829
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.027829
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.027829
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.027829
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when BP change was <10%. In contrast, change in MFV during 
hyperventilation was determined by both change in systemic 
BP and change in etCO

2
, with a consistent relationship with 

etCO
2
 across different levels of change in BP and demographic 

characteristics. Findings were consistent for change in systolic 
or diastolic measures and for absolute and percentage changes.

Previous studies identified a reduction in CVR in patients 
with lacunar stroke,23 white matter hyperintensities,5 and cog-
nitive impairment,15 but a direct causative role for endothelial 
dysfunction is unproven.23 Yet, with evidence of blood-brain 
barrier breakdown in small vessel disease,24 a number of stud-
ies are targeting CVR to prevention of progression of small 
vessel disease (LACI [Laser Angioplasty for Critical Limb 
Ischemia], TREAT-SVDs [Effects of Amlodipine and Other 
Blood Pressure Lowering Agents on Microvascular Function 
in Small Vessel Diseases], OxHARP [Oxford Haemodynamic 
Adaptation to Reduce Pulsatility Trial]). A reduction in CVR 
has also been found in hemodynamically significant carotid 
stenosis, likely reflecting maximal cerebral vasodilatation and 
reduced cerebrovascular reserve.10,11 This finding is associated 
with symptomatic rather than asymptomatic carotid stenosis,14 
severity of stenosis, and an increased risk of recurrent stroke.11

Despite the potential clinical significance of CVR, there is 
no standardized method of CVR measurement, either for meas-
uring blood flow or for inducing change in CO

2
. Increased ce-

rebral perfusion on magnetic resonance imaging with inhaled 
CO

2
 is the current preferred test, but this requires expertise, 

equipment, and time; cannot be performed with concurrent 
BP measurement; is poorly tolerated by many patients; and is 
not feasible in frail, elderly patients, and its dependence on BP 

changes is unknown. Alternative CVR challenges have been 
used in larger populations, measuring change in mean cere-
bral blood flow (MFV) with transcranial Doppler ultrasound 
or near-infrared spectroscopy to induced CO

2
 changes through 

BH, hyperventilation, acetazolamide, or inhaled CO
2
. All meth-

ods assume that the change in cerebral blood flow reflects the 
endothelium-dependent response to CO

2
 but do not determine 

the potential contribution of concurrent change in BP. In lim-
ited studies, changes in BP driving cerebral blood flow changes 
have been identified in small studies with BH,25–27 hyperventi-
lation,28 and CO

2
 rebreathing,28 but the effect of the magnitude 

of BP changes on the validity of different tests is unclear.
Our study demonstrated that cerebral blood flow 

responses to both BH and hyperventilation reflected changes 
in BP and CO

2
, but the response during BH was dominated 

solely by BP, except in limited patients in whom no BP re-
sponse was seen. This was not dependent on the presence of a 
Valsalva and occurred despite efforts to train the participant, 
likely reflecting endogenous sympathetically driven BP rises 
to the stress of apnea.27 However, during hyperventilation, 
the response was consistently dependent on both BP change 
and CO

2
. Although this affects the interpretation of the result 

for an individual, this allows for reliable interpretation of the 
importance of BP and CO

2
-driven responses across a popula-

tion where both indices are measured. Even in an individual, 
CO

2
-dependent CVR could be estimated by adjusting for the 

expected change in MFV because of BP change. The greater 
validity of hyperventilation is supported by its reduced as-
sociation with age, consistent with studies reporting greater 
reproducibility and preserved cerebrovascular function 

Table 2.  Associations Between Change in CO2, MBP, and MFV With Clinical Characteristics

Characteristic Index

Baseline (n=488) BH (n=488) Hyperventilation (n=426)

CO
2

MBP MFV ∆CO
2
% ∆MBP% ∆MFV% ∆CO

2
% ∆MBP% ∆MFV%

Age, y R −0.125* 0.169† −0.292† 0.114‡ −0.192† −0.252† −0.026 −0.137* 0.015

 ������� Below vs above median age MD 1.27‡ −3.10* 6.45† −1.94 2.88* 6.32† −0.29 1.34 −1.09

Sex (M vs F) MD −1.38‡ 2.07 −5.16† 0.88 −3.24* −3.84* −0.02 1.37 1.26

Hypertension (N vs Y) MD 0.18 −3.41* 2.75‡ 0.13 −0.36 2.45 −1.30 0.23 0.70

Treated for hypertension (N vs Y) MD −2.33‡ 0.06 1.99 −0.27 2.15 4.52‡ 1.23 0.88 1.47

Diabetes mellitus (N vs Y) MD −1.16 −0.50 0.78 −0.75 2.56 0.18 2.75 −0.40 0.29

Atrial fibrillation (N vs Y) MD 1.68 1.34 2.81 −4.37‡ 2.53 3.69 −1.56 −0.32 -0.31

Dyslipidemia (N vs Y) MD 0.31 0.47 2.29 −2.42‡ 1.82 1.93 −0.07 0.77 0.26

Smoking—current (N vs Y) MD 1.73‡ −1.93 −3.31‡ −2.04 −2.71‡ −0.64 −5.34† 0.55 −1.84

Smoking—ever (N vs Y) MD 0.86 −2.03 1.24 −2.43‡ 0.55 1.36 −1.31 −0.53 −1.32

Migraine (N vs Y) MD −1.22 1.95 −2.89‡ 1.00 −0.32 −2.97‡ 1.62 0.73 1.43

Carotid stenosis—>50% (N vs Y) MD 0.67 −4.50 −4.20 2.24 0.70 4.09 −0.91 −1.19 −1.46

Valsalva (N vs Y) MD −0.03 −2.67‡ −0.08 −1.16 3.32† 6.41† … … …

Basal MBP R 0.42 ... −0.027 0.018 −0.232† −0.136* −0.106‡ −0.143* −0.131*

Basal etCO
2

R … 0.042 0.089 −0.421† −0.030 −0.037 −0.290† −0.066 −0.201†

BH indicates breath holding; CO
2
, carbon dioxide; etCO

2
, end-tidal carbon dioxide; F, female; M, male; MBP, mean blood pressure; MD, mean difference between 

groups; MFV, mean flow velocity; N, no; R, Pearson correlation coefficient; and Y, yes.
*P<0.01, †P<0.001, ‡P<0.05.
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in healthy aging.29 We did not study change in BP during 
inhaled CO

2
, but these tests are innately stressful with ≤5% 

of patients not tolerating CO
2
 inhalation during magnetic 

resonance imaging and may well be associated with sym-
pathetically driven rises in BP that would confound inter-
pretation of CVR in the absence of BP measurement. This 

Table 3.  Middle Cerebral Artery Reactivity to Changes in Blood Pressure or CO2

BH (n=488) Hyperventilation (n=426)

Per Percentage Change in 
MBP

Per Percentage Change in 
etCO

2

Per Percentage Change in 
MBP

Per Percentage Change in 
etCO

2

CVR P Value R2 CVR P Value R2 CVR P Value R2 CVR P Value R2

Unadjusted 0.522 <0.001 0.152 0.058 0.327 0.002 0.396 <0.001 0.121 0.301 <0.001 0.134

 ������� Univariate (n)

  �������  <10% change etCO
2
 (43, 88) 0.761 <0.001 0.333 −1.075 0.004 0.183 0.484 <0.001 0.182 0.233 0.035 0.051

  �������  >10% change etCO
2
 (445, 338) 0.495 <0.001 0.136 0.131 0.061 0.008 0.310 <0.001 0.076 0.302 <0.001 0.069

  �������  <10% change MBP (188, 179) 0.481 0.008 0.037 0.226 0.009 0.036 0.777 <0.001 0.130 0.318 <0.001 0.152

  �������  >10% change MBP (300, 247) 0.342 <0.001 0.055 −0.030 0.683 0.001 0.117 0.174 0.008 0.171 0.001 0.041

Adjusted: Baseline MFV 0.522 <0.001 0.152 0.057 0.336 0.002 0.391 <0.001 0.127 0.310 <0.001 0.154

Adjusted: ∆MBP+∆etCO
2

0.525 <0.001 0.154 0.083 0.130 0.005 0.296 <0.001 0.070 0.236 <0.001 0.085

 ������� Interaction MBP×CO
2

−0.012 0.024 0.011 −0.012 0.024 0.011 0.016 0.001 0.026 0.016 0.001 0.026

 ������� Baseline MFV 0.526 <0.001 0.154 0.081 0.141 0.004 0.286 <0.001 0.073 0.247 <0.001 0.101

Adjusted: ∆MBP, ∆CO
2
, age, sex 0.462 <0.001 0.123 0.113 0.037 0.009 0.300 <0.001 0.071 0.236 <0.001 0.086

 ������� Interaction MBP×CO
2

−0.010 0.057 0.008 −0.010 0.057 0.008 0.016 0.001 0.025 0.016 0.001 0.025

 ������� Baseline MFV 0.454 <0.001 0.120 0.106 0.049 0.008 0.285 <0.001 0.071 0.247 <0.001 0.101

Estimates are shown as change in MFV from baseline (%) per percentage change from baseline in MBP or etCO
2
, for BH and hyperventilation tests. Estimates are 

presented for the whole population, stratified by percentage change in MBP or CO
2
 and adjusted for MBP, CO

2
, age, sex, and the interaction between MBP and CO

2
. R2 

presented is partial R2. BH indicates breath holding; CO
2
, carbon dioxide; CVR, cerebrovascular reactivity; etCO

2
, end-tidal carbon dioxide; MBP, mean blood pressure; 

and MFV, mean flow velocity.

Figure 1. Percentage change in mean flow velocity (MFV) during breath holding or hyperventilation by quartile of change in mean blood pressure (MBP) or 
end-tidal carbon dioxide (CO2). A and B show change in MFV during breath holding by quartile of change in MBP (A) and CO2 (B). C and D show ∆MBP% 
during hyperventilation by ∆MBP (C) or ∆CO2 (D), with magnitude of change increasing from Q1 to Q4. Data show mean change with 95% CIs as error bars.
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does not undermine the interpretation that CVR impairment 
assessed by BH in carotid stenosis is prognostically signifi-
cant but undermines the interpretation that abnormalities in 
CVR in small vessel disease reflect cerebrovascular endothe-
lial dysfunction and that CVR as opposed to autoregulation 
to BP is the optimal treatment target.

There are limitations to our study. First, the study was 
performed in consecutive, unselected patients with transient 
ischemic attack or minor stroke, resulting in a high propor-
tion of elderly and frail patients who may have had greater 
difficulties in performing the maneuvres, and a relatively 
high proportion of patients with poor TCD windows or poor 
quality recordings. However, the analysis was restricted to 
good-quality recordings, and this population reflects the 
population of interest for assessment of CVR. Second, we 
did not assess the effects of BP during CO

2
 inhalation or 

during magnetic resonance imaging–based methods of ce-
rebral blood flow assessment. This limits extrapolation of 
these results to these tests, which require further study to 
determine whether they are similarly confounded by concur-
rent BP changes. Third, although the OXVASC study and 
the physiological tests were prespecified in the protocol of 
the study, the details of the analysis were not. Fourth, the 
time constraints of performing a complex series of physi-
ological tests in a pragmatic clinical population resulted in 
a maximum of 2 repeats of each test. However, this study, 
therefore, reflects an assessment of the validity of these tests 
used within a busy clinical setting. Finally, because of prac-
tical limitations in an elderly, population-based cohort, the 
respiratory maneuvres did not include techniques to control 
the magnitude of etCO

2
 change, such as paced breathing, 

end-tidal forcing, or biofeedback. However, this was not 
practical without limiting inclusivity, and etCO

2
 change was 

linearly associated with MFV during hyperventilation and 
sufficiently large in most patients to allow for reliable esti-
mation of the effect of etCO

2
 change.

Overall, this study identified that hyperventilation is a 
reliable and practical method to assess CVR in a large pop-
ulation with acute cerebrovascular disease, but concurrent 
measurement of continuous BP response is critical for val-
idly interpreting the results. However, BH principally reflects 
the cerebrovascular response to BP change in this popula-
tion. Although this may still have prognostic value in a large 

population and may reflect autoregulation of cerebral blood 
flow responses to BP, concurrent BP measurement is critical 
and the measured outcome cannot be interpreted as reflecting 
endothelium-dependent CO

2
 responses. Further research is re-

quired to assess the role of BP changes in CVR assessment 
during inhaled CO

2
, to assess the prognostic significance of 

BH and hyperventilation, to determine the CVR-dependent 
effects of antihypertensive and statin-based treatments,30 for 
stroke prevention, and to address which determinants of the 
cerebrovascular response are associated with cerebral small 
vessel disease.
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