
Assessing the effect of unilateral
cerebral revascularisation on the
vascular reactivity of the non-intervened
hemisphere: a retrospective
observational study

Kevin Sam,1 Julien Poublanc,2 Olivia Sobczyk,2 Jay S Han,2

Anne Battisti-Charbonney,2 Daniel M Mandell,2 Michael Tymianski,3

Adrian P Crawley,2 Joseph A Fisher,1,4 David J Mikulis2

To cite: Sam K, Poublanc J,
Sobczyk O, et al. Assessing
the effect of unilateral
cerebral revascularisation on
the vascular reactivity of the
non-intervened hemisphere:
a retrospective observational
study. BMJ Open 2015;5:
e006014. doi:10.1136/
bmjopen-2014-006014

▸ Prepublication history and
additional material is
available. To view please visit
the journal (http://dx.doi.org/
10.1136/bmjopen-2014-
006014).

Received 1 July 2014
Revised 4 October 2014
Accepted 17 November 2014

For numbered affiliations see
end of article.

Correspondence to
Dr David J Mikulis;
mikulis@mac.com

ABSTRACT
Objectives: Unilateral haemodynamically significant
large-vessel intracranial stenosis may be associated
with reduced blood-oxygen-level-dependent (BOLD)
cerebrovascular reactivity (CVR), an indicator of
autoregulatory reserve. Reduced CVR has been
associated with ipsilateral cortical thinning and loss in
cognitive function. These effects have been shown to
be reversible following revascularisation. Our aim was
to study the effects of unilateral revascularisation on
CVR in the non-intervened hemisphere in bilateral
steno-occlusive or Moyamoya disease.
Study Design: A retrospective observational study.
Setting: A routine follow-up assessment of CVR after
a revascularisation procedure at a research teaching
hospital in Toronto ( Journal wants us to generalise).
Participants: Thirteen patients with bilateral
Moyamoya disease (age range 18 to 52 years;
3 males), seven patients with steno-occlusive disease
(age range 18 to 78 years; six males) and 27
approximately age-matched normal control subjects
(age range 19–71 years; 16 males) with no history or
findings suggestive of any neurological or systemic
disease.
Intervention: Participants underwent BOLD CVR MRI
using computerised prospective targeting of CO2,
before and after unilateral revascularisation
(extracranial–intracranial bypass, carotid
endarterectomy or encephaloduroarteriosynangiosis).
Pre-revascularisation and post-revascularisation CVR
was assessed in each major arterial vascular territory
of both hemispheres.
Results: As expected, surgical revascularisation
improved grey matter CVR in the middle cerebral artery
(MCA) territory of the intervened hemisphere (0.010
±0.023 to 0.143±0.010%BOLD/mm Hg, p<0.01). There
was also a significant post-revascularisation
improvement in grey matter CVR in the MCA territory
of the non-intervened hemisphere (0.101±0.025 to
0.165±0.015%BOLD/mm Hg, p<0.01).
Conclusions: Not only does CVR improve in the
hemisphere ipsilateral to a flow restoration procedure,

but it also improves in the non-intervened hemisphere.
This highlights the potential of CVR mapping for
staging and evaluating surgical interventions.

INTRODUCTION
Steno-occlusive cerebrovascular diseases, includ-
ing atherosclerosis and Moyamoya disease
(MMD), can result in impaired regional cere-
brovascular reactivity (CVR).1 2 CVR, a
measure of vascular autoregulation, is defined
as the change in blood flow per unit change in
a vasoactive stimulus. Cerebral autoregulation
refers to the capacity of cerebrovascular beds to
maintain constant perfusion despite changes
in cerebral perfusion pressure and may also be
defined in terms of changes in vascular resist-
ance or arteriolar calibre in response to fluc-
tuations in perfusion pressure.3

MMD is a progressive steno-occlusive
process involving the supraclinoid segment

Strengths and limitations of this study

▪ This study demonstrates how cerebrovascular
reactivity mapping can provide important informa-
tion concerning the efficacy of revascularisation.

▪ Longitudinal design and a well-defined study
population although heterogeneous (steno-
occlusive disease and Moyamoya disease).

▪ It is difficult to draw substantial conclusions
from the patients who underwent encephalodur-
oarteriosynangiosis and carotid endarterectomy
procedures due to the small cohort.

▪ Future research on the association between post-
revascularisation neuropsychological/cognitive
performance and haemodynamic outcome is
needed.
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of the internal carotid arteries (ICA) followed by devel-
opment of fine local collateral vessels. Individuals with
MMD commonly present with transient ischaemic attack
or stroke due to impaired vascular reserve.4 Similarly,
exhaustion of autoregulation occurs in the vascular beds
downstream of severe large artery steno-occlusive disease
due to the lowering of perfusion pressure distal to the
stenosis/occlusion. These vascular beds consume vaso-
dilatory reserve in order to maintain normal levels of
perfusion at baseline. However, the ability to vasodilate
in response to a vasoactive challenge is finite. When the
ability to vasodilate is exhausted, the vascular bed can
no longer lower resistance and can no longer compete
for flow with other beds that retain this ability. Under a
global vasodilatory stimulus, blood flow will be diverted
away from beds that cannot lower resistance to those
beds that can. This redistribution of perfusion is called
the steal phenomenon.5 The presence of steal in
steno-occlusive disease and MMD indicates a high risk of
stroke.6 7 Steal physiology secondary to stenosis/
occlusion in MMD has also been associated with ipsilat-
eral cortical thinning2 and loss in cognitive function.8

Numerous surgical revascularisation techniques have
been established for individuals with steno-occlusive and
MMD to circumvent haemodynamic impairment. These
surgical techniques range from direct revascularisation
procedures such as superficial temporal artery (STA)–
middle cerebral artery (MCA) bypass and carotid
endarterectomy (CEA) to indirect procedures such as
encephaloduroarteriosynangiosis (EDAS).9 If normalisa-
tion of CVR occurs following successful revascularisation,
ipsilateral cognitive deficits and cortical thinning may
also improve.10 However, the impact of surgical revascu-
larisation on the contralateral hemisphere using blood-
oxygen-level-dependent (BOLD) CVR has not been
previously investigated.
Collateral circulation plays an important role in the

pathophysiology of stroke and transient ischaemic
attacks.11–13 Cerebral collateral circulation refers to the
auxillary vascular network that stabilises cerebral blood
flow (CBF) when primary conduits fail.12 Other support-
ing conduits with flow reversal include the ipsilateral oph-
thalmic and ipsilateral posterior communicating arteries
(PCoAs).14 15 In addition, pathological recruitment of
potential anastomotic intrahemispheric connections
through leptomeningeal collaterals are frequently
observed in patients with stenosis/occlusion.12 It is
known that CVR is reduced ipsilateral to steno-occlusive
disease,16 however, current knowledge of collateral circu-
lation post-revascularisation and its effects on vascular
reactivity in the non-intervened hemisphere remains
limited. In cases of severe bilateral haemodynamic
impairment, there is room for the autoregulatory reserve
to improve. We hypothesise that unilateral revascularisa-
tion may improve CVR in the non-intervened hemisphere
if the presurgical haemodynamic status is impaired.
The purpose of this study was to determine the effects

of unilateral revascularisation on cortical BOLD CVR in

the contralateral hemisphere in the presence of bilateral
steno-occlusive or MMD. We identified 13 patients with
MMD and seven patients with steno-occlusive disease
(but with normal-appearing brain tissue on structural
MRI pre-revascularisation and post-revascularisation).
We assessed cortical CVR before and after surgical revas-
cularisation in the intervened and non-intervened
hemisphere.

SUBJECTS AND METHODS
Subject recruitment and assessment
Subjects were participants in ongoing studies of CVR in
cerebrovascular disease. All studies were approved by the
research ethics board (REB) at the University Health
Network and all subjects provided informed consent.
Following REB approval, images from 737 patients who
were referred from neurosurgery or stroke prevention
clinics and enrolled in one of the CVR studies at the
Toronto Western Hospital between June 2005 and April
2013 were screened by an experienced neuroradiologist
(DJM) using the following inclusion criteria: (1) angio-
graphically confirmed diagnosis of bilateral ICA or MCA
disease, greater than 70% stenosis or occlusion; (2) a
pre-revascularisation CVR map showing impaired reactiv-
ity within one cerebral hemisphere (figure 1); (3) a sur-
gical revascularisation procedure consisting of either
extracranial–intracranial (EC–IC) bypass, CEA, or EDAS;
(4) no evidence of cortical or subcortical infarcts greater
than 2 cm, or intracranial haemorrhage, on pre-
revascularisation and post-revascularisation MRI and
(5) no evidence of significant vertebral or basilar sten-
osis greater than 70%. Patients with motion artefacts on
BOLD images were excluded from the analysis. Thirteen
patients with bilateral MMD (age range 18–52 years;
3 males) and seven patients with steno-occlusive disease
(age range 18–78 years; 6 males) met the inclusion cri-
teria (online supplementary table S1). Our database also
included CVR studies in 27 approximately age-matched
normal control subjects (age range 19–71 years;
16 males) with no history or findings suggestive of any
neurological or systemic disease. These were non-smokers
not on vasoactive medications.

MRI data acquisition
For all scans, MRI was performed on a 3.0T scanner
(Signa HDX platform, GE Healthcare, Milwaukee,
Wisconsin, USA) with an 8-channel phased array head
coil. T1-weighted anatomical images of the entire brain
were acquired using a three-dimensional spoiled gradi-
ent echo pulse sequence (1.0 mm thick, matrix 256×256,
field of view 22×22 cm). BOLD MR CVR data was
acquired for the entire brain using a T2*-weighted echo-
planar gradient-echo sequence (TR 2000 ms, TE 30 ms,
flip 85°, slice thickness 5.0 mm, no gap, field of view
24×24 cm, matrix 64×64, 255 temporal frames) during
manipulation of arterial CO2.

2 Sam K, et al. BMJ Open 2015;5:e006014. doi:10.1136/bmjopen-2014-006014
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Vasodilatory stimulus (gas, end-tidal pCO2 and pO2
manipulation)
Precise carbon dioxide manipulation was applied by pro-
spective end-tidal gas targeting using an automated gas
blender. This device adjusts the gas composition and
flow to a sequential gas delivery mask and breathing
circuit (RespirAct, Thornhill Research Inc., Toronto,
Canada) according to the methods described previously
by Slessarev et al.17 18 This system enables independent
control of PETCO2 and end-tidal partial pressure of
oxygen (PETO2) in cooperative patients unaffected by
breathing pattern and minute ventilation. The respira-
tory protocol used in this study consisted of PETCO2

40 mm Hg baseline for 60 s, a hypercapnic step change
to a PETCO2 of 50 mm Hg for 90 s, a return to baseline
for 90 s, and a second hypercapnic step for 120 s with a
final return to baseline. All steps were implemented
while maintaining normoxia (PETO2 ∼110 mm Hg).
Previous work describes the PETCO2 and PETO2

sequences used during the analysis of BOLD MRI CVR
in more detail.19 20

Image reconstruction
The acquired BOLD MRI and PETCO2 data were
imported to AFNI21 software for analysis. BOLD images

were slice time-corrected, volume-registered, and aligned
to axial anatomical T1-weighted images. The CVR maps
were then constructed by time-shifting the acquired
PETCO2 data to the point of maximum correlation with
the whole brain average BOLD signal using MATLAB
software. This compensates for the temporal delay from
pulmonary to cerebral circulation. To minimise the
effect of head motion from the BOLD time series, the
motion covariates were estimated by the volume registra-
tion and subsequently included in our regression model.
A voxel by voxel linear least-squares fit of the BOLD
signal time series to the PETCO2 data is then performed
and the slope of the line of best fit was taken as CVR.

Data analysis
T1-weighted anatomical images were segmented into
cerebrospinal fluid, grey matter and white matter using
SPM8 (Wellcome Department of Imaging Neuroscience,
Institute of Neurology, University College, London, UK).
CVR masks were generated that only contain grey
matter. These were transformed into Montreal
Neurological Institute space with SPM8. Unihemispheric
SPM grey matter probability maps were thresholded at
70% in AFNI and served as a template for calculating
hemispheric CVR for each participant. Manually traced

Figure 1 CVR imaging study of patient with bilateral Moyamoya disease and impaired CVR (patient 14). BOLD, blood-oxygen-

level-dependent; CVR, cerebrovascular reactivity.
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regions of interest (ROIs) of each major arterial vascular
territory (figure 2B–D) were identified by two neuroradiol-
ogists (DJM and DMM). An ROI was drawn for arterial ter-
ritories supplied by the anterior cerebral artery (ACA),
MCA, posterior cerebral artery (PCA) and cerebellum.
Statistical analysis of pre-revascularisation and post-
revascularisation CVR values comparisons were made
using Wilcoxon matched-pairs signed ranks test and com-
parisons with healthy controls were made using one-way
analysis of variance (ANOVA). Results were considered sig-
nificant and accounted for multiple comparisons by

Bonferroni correction if the per-comparison p value was
less than 0.05/(12 comparisons)=0.004.

Circle of Willis analysis
The images obtained from MR angiography of all 20
patients in this study were screened for variations in their
circle of Willis (CoW) anatomy. Individuals were placed
into four groups based on their anatomy: no anterior
communicating artery (ACoA; n=5), missing one or both
PCoAs (n=9), missing both ACoA and PCoA (n=3), or
those having an intact CoW (n=3). CVR differences in

Figure 2 Comparison of

pre-revascularisation and

post-revasculatisation grey matter

CVR in the non-intervened and

intervened hemispheres of

patients with bilateral Moyamoya

and steno-occlusive. The grey

matter CVR of both the

intervened and non-intervened

hemisphere in the ACA (A) MCA

(B) PCA (C) and cerebellar (D)

territories. *p Value <0.05,

compared to pre-revascularisation

CVR. ▪p Value <0.05, compared

to healthy subjects. The

horizontal line in the box

represents the median, box

represents the interquartile range

(25% to 75%), and the whiskers

represent the minimum and

maximum values. ACA, anterior

cerebral artery; BOLD,

blood-oxygen-level-dependent;

CVR, cerebrovascular reactivity;

MCA, middle cerebral artery;

PCA, posterior cerebral artery.
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each vascular territory were examined between all four
groups and were tested for statistical significance using
one-way ANOVA with Bonferroni post hoc correction.

RESULTS
The results from pre-revascularisation and post-
revascularisation grey matter CVR in the intervened and
non-intervened hemisphere of major arterial territories
are summarised in table 1. The same analysis performed
on fray matter was also performed on white matter and
is summarised in online supplementary table S2 and
shown in online supplementary figure S1.
An analysis of CVR differences between patients with

different CoW configurations is summarised in online
supplementary table S3. Before each patient underwent a
revascularisation procedure, all non-intervened hemi-
spheres had visually normal vascular reserve (figure 1B).
Quantitative analysis of grey matter CVR demonstrated
that the pre-revascularisation cortical CVR in the MCA
territory of the intervened hemisphere was 0.010±0.023%
BOLD/mm Hg and 0.101±0.025%BOLD/mm Hg in the
non-intervened hemisphere (figure 2). As expected, the
post-revascularisation cortical CVR improved in the inter-
vened hemisphere (0.010±0.023 to 0.143±0.010, p<0.05,
Wilcoxon matched-pairs signed ranks test). There was
also a significant post-revascularisation improvement in
grey matter CVR in the MCA territory of the non-
intervened hemisphere (0.101±0.025 to 0.165±0.015,
p<0.05, Wilcoxon matched-pairs signed ranks test).
Quantitative analysis of the white matter demonstrated
post-revascularisation improvement in CVR in the MCA
territory of the intervened hemisphere (−0.032±0.023 to
0.059±0.007, p<0.05, Wilcoxon matched-pairs signed
ranks test) but not in the non-intervened hemisphere
(0.026±0.025 to 0.073±0.008, p<0.05, Wilcoxon matched-
pairs signed ranks test).

DISCUSSION
The main finding of the study is that unilateral revascu-
larisation of the symptomatic hemisphere in patients

with bilateral steno-occlusive disease and MMD leads to
improved haemodynamic vascular reserve in the cortex
of the non-intervened hemisphere, particularly in the
MCA, PCA and cerebellar territory. The non-intervened
hemispheres had mean improvement of 46% compared
with pre-revascularisation values. This implies that
before intervention, collateral blood flow support from
the non-intervened hemisphere to the affected hemi-
sphere came at a cost of reduced reserve capacity.
Revascularisation of the haemodynamically impaired
hemisphere reduced its dependence for blood flow
support from the non-intervened hemisphere, restoring
vascular reserve, as indicated by an increase in CVR.
This demonstrates that unilateral revascularisation can
improve global CVR.

Literature comparison
Our results are consistent with previous studies showing
that unilateral revascularisation increases blood flow in the
contralateral non-intervened hemisphere. Importantly,
Fierstra et al10 have shown that successful revascularisation
in unilateral haemodynamically compromised patients
with MMD can partially restore loss in cortical thickness in
the non-intervened hemisphere.
Our results differ from those of Mandell et al22 who

also examined pre-revascularisation and post-
revascularisation (mainly STA–MCA bypass) CVR in 25
patients with intracranial steno-occlusive disease but in
the context of determining the haemodynamic efficacy
of EC–IC bypasses. The only significant post-
revascularisation CVR changes were seen in the ipsilat-
eral MCA territory. One important finding from this
study was that the degree of post-revascularisation CVR
improvement was correlated with the severity of haemo-
dynamic impairment. The authors reported normal to
near normal CVR in the non-operated hemisphere,
which meant that there was little room for post-bypass
CVR improvement. Our patient group had greater
haemodynamic impairment indicated by the lower pre-
bypass CVR values in the ACA, MCA, PCA and cerebellar
territories in grey and white matter of both hemispheres

Table 1 Presurgical and postsurgical revascularisation grey matter CVR of major arterial territories compared to healthy

subjects

Territory Hemisphere Pre-revascularisation Post-revascularisation Healthy subjects

ACA territory Non-intervened 0.078±0.024* 0.126±0.017* 0.229±0.010

Intervened 0.043±0.019* 0.120±0.015*†

MCA territory Non-intervened 0.101±0.025* 0.165±0.015*† 0.229±0.012

Intervened 0.010±0.023* 0.143±0.010*†

PCA territory Non-intervened 0.238±0.020 0.309±0.011† 0.313±0.017

Intervened 0.228±0.022 0.309±0.012†

Cerebellar territory Non-intervened 0.249±0.025 0.309±0.014 0.370±0.027

Intervened 0.252±0.024 0.311±0.016

*p Value <0.005, compared to healthy subjects.
†p Value <0.005, compared to pre-revascularisation CVR.
All values in % MR signal change/mm Hg, mean±SE.
ACA, anterior cerebral artery; CVR, cerebrovascular reactivity; MCA, middle cerebral artery; PCA, posterior cerebral artery.
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(refer to table 1 and online supplementary table S2).
Significant improvement in grey matter CVR was seen in
both hemispheres of the MCA, PCA and cerebellar terri-
tories as well as the intervened territory of the ACA.
Significant improvement in white matter CVR was seen
in both hemispheres of the ACA, PCA and cerebellar
territories as well as the intervened territory of the MCA.
Although the post-revascularisation grey matter CVR of
the non-intervened ACA territory and white matter CVR
of the non-intervened MCA did not reach statistical sig-
nificance, we can see that there is a trend toward haemo-
dynamic improvement following revascularisation. In
fact, we have seen CVR improvement in severe bilateral
MMD (occurring in 11 of 13 patients; patients 3 and 4
did not improve) as well as in steno-occlusive disease
from a single bypass (occurring in 5 out of 7 patients;
patients 5 and 15 had reduced CVR following bypass).
CVR assessment may therefore prove useful in surgical
decision-making potentially obviating the need for bilat-
eral bypass procedures in some cases.
Our results also differ from those of Ma et al.23 These

authors examined CVR changes in the contralateral
(non-intervened and asymptomatic) hemisphere using
acetazolamide-enhanced Xenon-CT after unilateral STA–
MCA bypass surgery in 15 patients with MMD. The
authors reported a significant decrease in the CVR of
the non-intervened hemisphere compared with pre-
operative values. The authors concluded that the unilat-
eral STA–MCA bypass in patients with MMD led to a
decrease in the CVR of the non-intervened hemisphere
due to postsurgical reduction in collateral blood flow
from the posterior circulation. However, regional CBF
and CVR measurement time points were not consistently
reported. Another limitation of Ma et al was the use of
acetazolamide as a vasodilator. Acetazolamide is a drug
that produces maximal vasodilatation for 20 min begin-
ning 12–20 min after injection.24 According to the defin-
ition of CVR, the change in blood flow would be
standardised by the administration of a standard dose of
acetazolamide. This assumes that the dose of acetazola-
mide administered always achieves the same blood con-
centration of the drug. However, there is considerable
variation in the blood concentration of the drug to a
given dose and response to a given concentration, which
raises issues concerning reproducibility of the test. Ito
et al25 have shown that PETCO2 is equal to the partial
pressure of CO2 in arterial blood in the method that we

have applied in our study. As such, our stimulus was
known and controlled with high precision.

Implications of the findings
Our results show that improvement in CVR can occur in
both hemispheres following a unilateral revascularisation
procedure. It would therefore seem that assessment of
perfusion and/or CVR after any revascularisation pro-
cedure would be useful to determine the magnitude
and spatial extent of improved flow metrics as an assess-
ment of the efficacy of the revascularisation procedure.
We have previously reported that areas of impaired

CVR are associated with cortical thinning that may be
restored through successful surgical revascularisation.3 10

Whether restoration of vascular reactivity in the contra-
lateral non-intervened hemisphere also leads to improve-
ments in cognitive function remains to be resolved.
A cross-sectional study by Balucani et al8 has recently
shown that impaired haemodynamics are associated with
cognitive dysfunction in patients with bilateral asymp-
tomatic carotid stenosis. They report a significant reduc-
tion in performance scores of left and right brain
cognitive tasks specific to the hemisphere that was
haemodynamically impaired. Also, left and right brain
performance scores were normal in hemispheres with
preserved reserve. Although results from Balucani et al
are not longitudinal, it does suggest better cognitive out-
comes in areas with preserved CVR compared with areas
of haemodynamic impairment. Longitudinal results
from the RECON randomised trial demonstrated no
benefit in cognition from EC–IC bypass surgery over
medical therapy.26 Nonetheless, previous studies have
demonstrated the association between improved vascular
function with better cognitive performance.27 28

The precise mechanism for improved vascular reserve
in the non-intervened hemisphere after unilateral revas-
cularisation is unknown. In our study, a subanalysis was
performed to analyse differences in CVR between those
with variation in the anatomy of their CoW (online sup-
plementary table S3). The magnitude of CVR increases
post-revascularisation was similar regardless of whether
or not patients had an intact CoW (table 2).
In addition, only one patient had a fetal type PCA and

this patient had similar pre-revascularisation CVR values
and improvements in CVR post-revascularisation as
those with an intact CoW. Those with an intact CoW
have obvious conduits for collateral flow to the

Table 2 Grey matter CVR differences in the MCA territory between patients with and without an intact CoW

Non-intervened hemisphere Intervened hemisphere

Pre-revascularisation Post-revascularisation Pre-revascularisation Post-revascularisation

Intact CoW 0.131±0.044 0.197±0.041 0.024±0.016 0.147±0.005

No ACoA+PCoA 0.117±0.05 0.171±0.037 0.057±0.026 0.145±0.019

All values in per cent MR signal change/mm Hg, mean±SE.
No significant differences were seen between those with and without an intact CoW.
ACoA, anterior communicating artery; CoW, circle of Willis; CVR, cerebrovascular reactivity; MCA, middle cerebral artery; PCoA, posterior
communicating artery.
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intervened hemisphere and therefore we expected the
CVR in this group to be lower with a greater change in
CVR post-revascularisation. Our findings show that those
without an intact CoW had a lower CVR with a nearly
similar increase in CVR after revascularisation. To our
surprise, the results did not show statistically significant
differences in the CVR of the MCA territory between
those with an intact CoW and those without. Our expec-
tations did not match our results and the CVR differ-
ences between each group may have been too subtle to
detect with our small sample size. However, it is known
that the leptomeningeal collaterals from the PCAs play
an important role in maintaining perfusion in patients
with MMD.29 We suspect that the revascularisation pro-
cedure reduces demand from the posterior circulation.
As expected after successful revascularisation, compensa-
tion from the posterior circulation leptomeningeal col-
laterals is reduced resulting in improved PCA territory
CVR (figure 2).
Another possibility for the non-differential CVR

improvement despite differing CoW configurations is
that during the initial stages of atherosclerosis or the for-
mation of moyamoya-like vessels, the response of the
downstream vasculature will be to lower flow resistance
thereby attracting cross-flow from the contralateral hemi-
sphere with relatively higher vascular reactivity. As sten-
oses become more advanced, the affected territory
becomes maximally vasodilated and cannot lower flow
resistance any further. In order to supply flow to the
deficient region and maintain its own flow, donor
regions lower flow resistance and in doing so consume
vascular reserve. Donor flow sources do not necessarily
need to supply flow through ACoA or PCoA conduits
but would use leptomeningeal alternatives. When the
resistance decreases, the autoregulatory reserve
decreases as shown in the pre-revascularisation compari-
sons to healthy controls (table 1 and online supplemen-
tary table S2). When challenged with a global
vasodilatory stimulus, flow will preferentially be redistrib-
uted to regions that can lower flow resistance to a
greater degree. Restoring flow through surgical revascu-
larisation will result in a global increase in perfusion
pressure and resistance, particular in the intervened
hemisphere. If restoration of vascular reactivity ensues in
the bypassed territory, then vascular reserve will improve
as well. There will be a reduced transfer of flow from
donor territories. Theses territories will also therefore
manifest restoration of vascular reactivity and reserve to
more normal values.

Limitations
Our approach for assessing CVR is limited by the fact
that the relationship between BOLD and blood flow is
non-linear. However, the BOLD response to hypercapnia
has already been shown to be dominated by CBF
effects.24 30 31 Arterial spin labelling, which measures
blood flow directly, may eventually replace BOLD for
measurement of CVR, but it has not yet been validated

for severe steno-occlusive disease associated with vascular
occlusions and lengthy collateral circulation. Our
subject population was also very heterogeneous as we
made no attempt to select participants according to
disease process, disease activity, medication or age.
Chronic steno-occlusive disease and MMD differ in the
development of various leptomeningeal, transdural and
deep parenchymal collaterals13 that could affect the
response to revascularisation in these two populations.
In summary, this work provides evidence that restor-

ation of vascular reactivity can occur in the contralateral
hemisphere following a unilateral revascularisation pro-
cedure. After restoration of baseline autoregulatory cap-
acity in the haemodynamically compromised hemisphere
by direct or indirect intervention, collateral blood flow
support from the non-intervened hemisphere will
decrease resulting in less blood being siphoned from the
non-intervened hemisphere leading to global haemo-
dynamic improvement. This important finding indicates
that CVR mapping can provide important information
concerning the efficacy of revascularisation. Although
this research does not directly compare the efficacy of
resting blood flow assessment (CT or MRI dynamic con-
trast perfusion methods) versus CVR methods for deter-
mining revascularisation efficacy, CVR is insensitive to
transit time and input function issues that render the per-
fusion techniques unsuitable when extensive collateral
networks have developed in patients with severe cerebro-
vascular disease. This confers a considerable advantage
to CVR methods. As vascular function has been asso-
ciated with cognitive performance, previous work sug-
gests that restoration of blood flow may improve
cognition.8 Future research on the association between
post-revascularisation neuropsychological/cognitive per-
formance and haemodynamic outcome is needed.
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Supplemental Table 1. Patient Characteristics:   

Case 

No. 

Age Side of 

Interve

-ntion 

Circle 

of 

Willis 

Aanto

-my 

Angio-

graphic 

Findings, 

Intervened 

Hemi-

sphere 

Angiographic 

Findings, 

Non-

Intervened 

Hemisphere 

Moya-

moya, 

steno-

occlu- 

sive 

disease, 

Stroke 

or TIA 

Time  

Pre-

Surgical 

CVR was 

assessed 

(months  

prior) 

 

Time 

Post- 

  Surgical 

CVR 

was 

  assessed 

  (months 

after) 

Clinical 

Presen- 

tation 

Co-

morbidities 

1 52 R, STA-

MCA 
bypass 

Missing 

bilateral 
PCoA 

ICA occulusion at 

termination 

ICA occlusion at 

termination 

Moyamoya 2 4 Right-sided 

hemiparesis 
and speech 

disturbance

s, slurred 
speech, 

left-sided 

weakness 

Ongoing 

headaches 
 

2 21 R, STA-
MCA 

bypass 

Missing 
left 

PCoA, 

right 
sided 

fetal type 
PCA 

Collateral vessels 
extending into the 

basal ganglia 

bilaterally from 
distal ICA 

Collateral vessels 
extending into the 

basal ganglia 

bilaterally from distal 
ICA 

Moyamoya 1 2 Chorea-like 
movements 

in the upper 

left 
extremity 

Hypertension 

3 32 R, STA-

MCA 

bypass 

Missing 

ACoA 

Moyamoya-like 

changes and 

severe stenosis of 
the supraclinoid 

segmenmt of ICA 

with tight 
narrowing and 

partial occlusion 

of the M1, 
diminished M2 

and M3 segments 

of MCA. 
Hypoplastic A1 of 

ACA  

Moyamoya-like 

changes and severe 

stenosis at the 
supraclinoid segment 

of ICA extending to 

involve the proximal 
M1 segment of MCA 

and the proximal half 

of the A1 segment of 
ACA 

Moyamoya, 

TIAs 

3 4 Left 

hemibody 

and facial 
numbness 

Hypothyroidism 

4 41 R, STA-

MCA 
bypass 

Missing 

right 
PCoA 

Occlusion of the 

ICA just distal to 
the bifurcation, 

which is 

reconstituted at 
the supraclinoid 

segment 

Diminished 

supraclinoid segment 
of ICA 

Moyamoya, 

Strokes  

5 8 Left 

hemiparesis 

Diabetes, 

pancreatic and 
kidney 

transplants, 

hypertension 

5 49 R, CEA Missing 

bilateral 
PCoA 

high-grade 

stenosis of the 
carotid bulb 

high-grade stenosis of 

the carotid bulb with 
an ulceration 

Steno-

occlusive 
disease, 

Strokes 

6 3 Aphasia, 

left 
hemiparesis 

Hypertension, 

hyperlipidemia, 
diabetes, 

hypercholesterole

mia 

6 78 R, STA-
MCA 

bypass 

Missing 
right 

PCoA 

ICA occlusion at 
cervical segment, 

hypoplastic A1,  

ICA occlusion at 
cervical segment, mild 

stenosis of left 

vertebral artery 

Steno-
occlusive 

disease 

3 3 Dizziness, 
episodes of 

loss of 

consciousn
ess 

Occasional 
drinker, smoker, 

chronic 

obstructive 
pulmonary disease  

7 32 L, EDAS Intact MCA occlusion 

with Moyamoya-

MCA occlusion with 

Moyamoya-type 

Moyamoya 0.1 7 Left 

hemibody 

Hypertension 



CoW type vessels acting 

as collaterals, 
marked ICA 

dolichoectasia, 

Moyamoya-type 
vessels in 

cerebellopontine 

angle derived 
from PCA 

vessels acting as 

collaterals, marked 
ICA dolichoectasia 

numbness 

8 55 R, CEA Missing 

bilateral 

PCoA 

Severe ICA 

stenosis at the 

origin 

ICA occlusion at the 

origin 

Left embolic 

strokes, right 

hemispheric 
TIAs,, Steno-

oclusive 

disease 

0.5 1 Left-sided 

weakness, 

bilateral leg 
weakness 

Hypertension, 

diabetes, obese, 

hypercholesterole
mia, OSA 

9 18 R, STA-
MCA 

bypass 

Missing 
ACoA 

Severe tapering of 
the supraclinoid 

ICA, severe 

stenosis of ACA 
A1, mild stenosis 

of MCA M1 

Severe stenosis of 
proximal ACA, mild 

stenosis of MCA at 

origin 

Steno-
occlusive 

disease 

1 4 Left-sided 
weakness 

Smoker 

10 18 R, EDAS Missing 

ACoA 

Severe stenosis of 

distal ICA 

Severe stenosis of 

distal ICA 

Moyamoya 1 6 Left-sided 

headaches, 
cognitive 

decline, 

memory 
impairment 

None 

11 50 R, STA-

MCA 
bypass 

Missing 

ACoA 
and right 

PCoA 

Microangiopathic 

disease, severe 
stenosis of distal 

ICA, mild stenosis 

of MCA 

Microangiopathic 

disease, mild stenosis 
of MCA 

Moyamoya, 

stroke 

3 63 Left 

hemiparesis 
with left 

hemibody 

sensory 
loss 

Smoker, 

hypertension, 
hypercholesterole

mia 

12 25 L, STA-

MCA 

bypass 

Missing 

ACoA 

and left 
PCoA 

Moyamoya-type 

collaterals in 

MCA territory, 
narrow carotid 

siphon 

Moyamoya-type 

collaterals in MCA 

territory, narrow 
carotid siphon 

Moyamoya,  3 4 Expressive 

aphasia, 

right arm 
weakness, 

Hypertension, 

drug use 

13 78 R STA-

MCA 
bypass 

Intact 

CoW 

Occlusion of 

supraclinoid 
segment ICA 

Severe ICA stenosis Steno-

occlusive 
disease, 

stroke 

5 14 Left hand 

incoordinati
on, left 

sided 

weakness 

Heavy smoker 

14 22 L, STA-
MCA 

bypass 

Missing 
ACoA 

Severe stenosis of 
distal ICA and 

proximal MCA 

and ACA 

Severe stenosis of 
distal ICA and 

proximal ACA, near 

occlusion of MCA M1 
segment 

Moyamoya 2 9 Headaches, 
left sided 

weakness 

Obese 

15 60 L, CEA Missing 

left 

PCoA 

Severe stenosis of 

the carotid siphon, 

small A1 

Near occlusion of ICA Steno-

occlusive 

disease, 
stroke 

0.5 44 Blurry 

vision, 

bilateral leg 
weakness 

Coronary artery 

disease, mild 

chronic renal 
failure 

16 43 L, STA-

MCA 

bypass 

Missing 

ACoA 

and 

bilateral 

PCoA 

Supraclinoid ICA 

occlusion with 

moya moya 

pattern of 

collateral vessel 

Supraclinoid ICA 

occlusion with moya 

moya pattern of 

collateral vessel 

Moyamoya 5 4 Right-sided 

weakness 

Hypertension 

17 43 L, STA-

MCA 

Intact Severe ICA 

stenosis at 

Severe ICA stenosis at Moyamoya 3 4 Right-sided Hypertension 



bypass CoW terminus and 

proximal ACA 
and proximal 

MCA 

terminus weakness  

18 39 L, STA-

MCA 
bypass 

Missing 

ACoA 

Moyamoya 

collaterals in 
MCA territory 

Moyamoya collaterals 

in MCA territory 

Moyamoya, 

TIAs 

1 6 Right-sided 

weakness, 
facial 

droop, 

dysarthria, 
confusion 

Hypertension 

 

19 44 L, STA-

MCA 

bypass 

Missing 

bilateral 

PCoA 

MCA M1 

occlusion 

Severe stenosis of 

MCA M1, 50% 

occlusion of the distal 
MCA with 

poststenositic 

dilatation of the right 
superior division 

Steno-

occlusive 

disease 

0.1 3 Aphasia, 

conflusion 

None 

20 22 L, EDAS Missing 

left 

PCoA 

Moyamoya 

collaterals in 

MCA territory 

Moyamoya collaterals 

in MCA territory 

Moyamoya 3 8 Right-sided 

weakness, 

twitching, 
falls 

Down’s syndrome 

 

M indicates male; F, female; L, left; R, right; ACA, anterior cerebral artery; MCA, 

middle cerebral artery; ICA, internal carotid artery; STA-MCA, STA-MCA, superficial 

temporal artery to middle cerebral artery; CEA, carotid endarterectomy; EDAS, 

encephaloduroarteriosynangiosis; ACoA, anterior communicating artery; PCoA, posterior 

communicating artery; CoW; circle of Willis 

 

  

 



Supplemental Table 2. Pre- and post-surgical revascularization white matter CVR 

of major arterial territories compared to healthy subjects. 

Territory Hemisphere Pre-

revascularization 

Post-

revascularization 

Healthy 

Subjects 

ACA Territory 
Non-intervened -0.003 ± 0.016^ 0.020 ± 0.008^* 

0.076 ± 

0.006  
Intervened -0.034 ± 0.015^ 0.019 ± 0.009^* 

MCA Territory 
Non-intervened 0.026 ± 0.025^ 0.073 ± 0.008^ 

0.110 ± 

0.006 

Intervened -0.032 ± 0.023^ 0.059 ± 0.007^* 

PCA Territory 
Non-intervened 0.098 ± 0.024^ 0.158 ± 0.007* 

0.184 ± 

0.009 

Intervened 0.082 ± 0.026^ 0.153 ± 0.007* 

Cerebellar 

Territory 

Non-intervened 0.140 ± 0.020^ 0.203 ± 0.014* 
0.221 ± 

0.015 

Intervened 0.127 ± 0.023^ 0.194 ± 0.013* 

 

All values in % MR signal change/mmHg, mean±SE. 

*  denotes P<.05, compared to pre-revascularization CVR. ^ denotes P<0.05, compared 

to healthy subjects. 

 



Supplemental Table 3. CVR differences between patients with different circle of 

Willis configurations. 

 Non-Intervened Hemisphere Intervened Hemisphere 

 Pre-

revascularization 

Post-

revascularization 

Pre-

revascularization 

Post-

revascularization 

ACA 

Territory 

    

Intact CoW 0.090  0.060 0.193  0.064 0.033  0.050 0.151  0.029 

No ACoA 0.046  0.024 0.090  0.041 -0.017  0.009 0.058  0.030 

No PCoA 0.086  0.053 0.130  0.025 0.076  0.039 0.154  0.024 

No ACoA 

+PCoA 
0.112  0.062 0.093  0.021 0.062  0.047 0.088  0.014 

MCA 

Territory 

    

Intact CoW 0.131  0.044 0.197  0.041 0.024  0.016 0.147  0.005 

No ACoA 0.104  0.052 0.150  0.046 0.001  0.014 0.100  0.022 

No PCoA 0.084  0.055 0.157  0.022 0.001  0.057 0.163  0.017 

No ACoA 

+PCoA 
0.117  0.05 0.171  0.037 0.057  0.026 0.145  0.019 

PCA 

Territory 

    

Intact CoW 0.217  0.015 0.295  0.042 0.190  0.027 0.270  0.035 

No ACoA 0.287  0.027 0.307  0.022 0.257  0.042 0.314  0.026 

No PCoA 0.228  0.038 0.299  0.019 0.242  0.040 0.306  0.017 

No ACoA 

+PCoA 
0.221  0.099 0.181  0.082 0.337  0.038 0.354  0.039 

Cerebellar 

Territory 

    

Intact CoW 0.217  0.044 0.293  0.064 0.235  0.025 0.310  0.071 

No ACoA 0.259  0.037 0.301  0.026 0.228  0.035 0.0296  0.018 



No PCoA 0.266  0.050 0.301  0.022 0.283  0.047  0.290  0.020 

No ACoA 

+PCoA 
0.231  0.109 0.349  0.030 0.229  0.098 0.393  0.057 

 

Patients were divided into four different groups depending on their circle of Willis 

configuration: Intact CoW (age range, 32 -78; mean age, 51; n=3; 1 male), No ACoA 

(age range, 18-39; mean age, 26, n=5; 2 males), no PCoA (age range, 21-78; mean age, 

50; n=9; 5 males), and no ACoA+PCoA (age range, 25-50; mean age, 39; n=3; 1 male).  

No significant differences were seen between each group with different circle of Willis 

configurations. CoW indicates circle of Willis; ACoA, anterior communicating artery; 

PCoA, posterior communicating artery. All values in % MR signal change/mmHg, 

mean±SE. 
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