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ABSTRACT

BACKGROUND AND PURPOSE: There is a critical need for a reliable and clinically feasible imaging technique that can enable prognos-
tication and selection for revascularization surgery in children with Moyamoya disease. Blood oxygen level– dependent MR imaging
assessment of cerebrovascular reactivity, using voluntary breath-hold hypercapnic challenge, is one such simple technique. However, its
repeatability and reliability in children with Moyamoya disease are unknown. The current study sought to address this limitation.

MATERIALS AND METHODS: Children with Moyamoya disease underwent dual breath-hold hypercapnic challenge blood oxygen level–
dependent MR imaging of cerebrovascular reactivity in the same MR imaging session. Within-day, within-subject repeatability of cere-
brovascular reactivity estimates, derived from the blood oxygen level– dependent signal, was computed. Estimates were associated with
demographics and intellectual function. Interrater reliability of a qualitative and clinically applicable scoring scheme was assessed.

RESULTS: Twenty children (11 males; 12.1 � 3.3 years) with 30 MR imaging sessions (60 MR imaging scans) were included. Repeatability was
“good” on the basis of the intraclass correlation coefficient (0.70 � 0.19). Agreement of qualitative scores was “substantial” (� � 0.711), and
intrarater reliability of scores was “almost perfect” (� � 0.83 and 1). Younger participants exhibited lower repeatability (P � .027).
Repeatability was not associated with cognitive function (P � .05). However, abnormal cerebrovascular reactivity was associated with
slower processing speed (P � .015).

CONCLUSIONS: Breath-hold hypercapnic challenge blood oxygen level– dependent MR imaging is a repeatable technique for the
assessment of cerebrovascular reactivity in children with Moyamoya disease and is reliably interpretable for use in clinical practice.
Standardization of such protocols will allow further research into its application for the assessment of ischemic risk in childhood
cerebrovascular disease.

ABBREVIATIONS: BH � breath-hold; BOLD � blood oxygen level– dependent; CV � coefficient of variation; CVR � cerebrovascular reactivity; ICC � intraclass
correlation coefficient; SCD � sickle cell disease

Arterial ischemic stroke remains a major cause of morbidity

and mortality in children worldwide. The incidence ranges

from 2 to 13 per 100,000 person-years in developed countries.1,2

Childhood risk factors are multiple and include cardiac disease,

sickle cell disease (SCD), arteriopathy, and infection.3-5 More

than two-thirds of previously healthy children presenting with

their first arterial ischemic stroke have a steno-occlusive arteri-

opathy, the presence of which predicts recurrence and out-

come.6-8 Moyamoya disease is a major arteriopathy of childhood.

It is a progressive steno-occlusive arteriopathy that typically af-

fects the anterior circulation arteries of the circle of Willis. It con-

fers a life-long risk of recurrent stroke and neurologic injury, and

it is associated with early death due to chronic cerebral hypoper-

fusion and thrombotic vaso-occlusion.9-11 However, the pathol-

ogy of the primary arteriopathy is poorly understood.

A network of lenticulostriate collaterals develops to bypass the

primary steno-occlusive arteriopathy, and vasodilation at the

level of the capillary bed occurs to maintain cerebral blood flow,

resulting in a reduction of cerebrovascular reserve.12 Studies in

adults with arteriopathy suggest that impairment of cerebrovas-
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cular reserve is associated with an approximate 4-fold increased

risk of developing stroke or transient ischemic attacks.13 In vivo

assessment of cerebrovascular reserve can be performed by mea-

surement of cerebrovascular reactivity (CVR), defined as a change

in CBF in response to vasoactive stimuli such as carbon dioxide.

In the context of steno-occlusive arteriopathy and maximal mi-

crovascular vasodilation in response to falling CBF, exhaustion of

cerebrovascular reserve and vasodilatory capacity may result in

paradoxical reductions in CBF and CVR following a vasodilating

stimulus.12,14-16 This negative response, termed “steal,” is an in-

dependent predictor of ischemic injury and stroke.12,14,15

Historically used techniques for assessing CBF and cerebro-

vascular reserve such as PET and SPECT require exposure to ion-

izing radiation and are hence undesirable.16 Blood oxygen level–

dependent (BOLD) MR imaging is a widely used technique for the

noninvasive imaging of dynamic changes in CBF at the local and

global levels. BOLD MR imaging harnesses the paramagnetic

properties of deoxyhemoglobin using clinically available T2*

gradient-echo MR imaging sequences and does not require intra-

venous contrast medium. Using carbon dioxide as a vasoactive

stimulus, hypercapnic challenge BOLD MR imaging CVR

(BOLD-CVR) can be used to generate high-spatial-resolution

CVR maps. Thus, when cerebrovascular reserve is exhausted, neg-

ative or paradoxical reactivity on hypercapnic challenge BOLD-

CVR maps represents steal and provides a visual representation of

ischemic risk and impending tissue demise.15

Hypercapnia induced by computer-controlled carbon dioxide

stimulus delivery for BOLD-CVR experiments has been validated

in both adults and children in research settings.17-21 In the only

published study of the reliability of CVR measurements acquired

in children (10 healthy children; mean age, 16.1 � 1.6 years),

intraclass correlations coefficients (ICCs) of within-day values

were 0.857 and 0.895 in the GM and the WM, respectively.22

However, this method relies on specialized MR imaging– compat-

ible equipment, limiting its applicability in clinical settings. Ad-

ditionally, the use of nasal prongs or a facemask to deliver and

monitor the carbon dioxide stimulus serves as a barrier for CVR

acquisition in young children.

An alternative approach for performing CVR assessment is

breath-hold (BH), in which endogenous alveolar carbon dioxide

naturally accumulates during short periods of voluntary apnea.

Without the need for additional equipment and gas-delivery ap-

paratus, BH is easier to implement and well-tolerated.22 The re-

peatability and reliability of BH-BOLD-CVR (BH-CVR) in high-

stroke-risk pediatric populations, however, remain unknown.

The purpose of this study was to evaluate within-day, within-

subject repeatability, qualitative scoring, and interrater reliability

of the scoring of BH-CVR estimates. The relationship between

clinical factors and intellectual function and BH performance and

repeatability was also explored.

MATERIALS AND METHODS
Study Population
Children 6 years of age or older diagnosed with cerebral vascu-

lopathy consistent with a diagnosis of Moyamoya disease (idio-

pathic or syndromic) between 2010 and 2017 were recruited from

the Hospital for Sick Children Toronto Stroke Registry. All pro-

cedures were approved by our institutional Research Ethics

Board, and informed written consent was obtained. Moyamoya

disease was diagnosed if conventional or MR angiography dem-

onstrated stenosis or occlusion of the distal internal carotid artery,

the proximal middle cerebral artery, and/or the anterior cerebral

artery with the appearance of lenticulostriate collaterals. Children

with unilateral Moyamoya disease with collaterals (probable

Moyamoya disease) were included.23 Children without a previ-

ously diagnosed condition were diagnosed as having Moyamoya

disease or idiopathic Moyamoya disease, while those with a pre-

viously diagnosed condition such as neurofibromatosis type 1 or

SCD were diagnosed as having Moyamoya syndrome. Children

with non-Moyamoya arteriopathy and children unable to com-

plete a repeat study were excluded.

Breath-Hold Paradigm
No minimum duration of BH was set for inclusion in the study.

Children practiced the BH paradigm seated on a chair before en-

tering the MR imaging scanner under the supervision of a re-

search technologist. Each BH paradigm began with 10 seconds of

normal breathing, followed by five 60-second periods of breath-

holding and normal breathing (Fig 1A). Optimal BH duration was

determined during practice in individual patients as the maxi-

mum number of seconds that they could hold their breath with-

out discomfort. BH duration was subtracted from 60 seconds to

calculate the within-cycle normal breathing duration. A 30-sec-

ond rest period with normal breathing was included after the

second cycle. To assess subject compliance and motion, we mon-

itored real-time respiration signals using respiratory bellows

throughout the scan. Any patients observed to deviate from the

instructions (ie, unable to breath-hold and/or breathe normally

when instructed by the research technologist or observed to move

excessively) were flagged as “noncompliant.”

Breath-Hold CVR and MR Imaging Acquisition
Children underwent repeat BH-CVR studies (1A and 1B) on the

same day during the same MR imaging session. Follow-up repeat

studies were performed in a subset of patients at later time-points

(2A–2B; 3A–3B; 4A– 4B).

MR imaging data were acquired with a 3T scanner (Achieva;

Philips Healthcare, Best, the Netherlands) using an 8-channel

head coil. The BH-CVR protocol consisted of 2 separate BOLD

acquisitions using EPI– gradient recalled echo lasting 6 minutes, 6

seconds (25 slices; TR/TE � 2000/30 ms; voxel size � 3.4 � 3.4 �

5 mm3; FOV � 22 cm; 180 dynamics). The BH paradigm was used

throughout the scan duration. A high-resolution 3D T1-weighted

structural image (160 slices; voxel size � 0.86 � 0.86 � 1 mm3;

FOV � 22 cm) was acquired for tissue classification and coregis-

tering the CVR maps.

Image Postprocessing and CVR Estimation
MR imaging data processing was performed using functions from

Analysis of Functional Neuro Images (AFNI, Version 16.1.04;

http://afni.nimh.nih.gov/afni)23 and FSL (Version 4.1.9; (http://

www.fmrib.ox.ac.uk/fsl) toolboxes. The first 2 dynamics of the

BOLD data were truncated and subjected to slice-timing correc-

tion. Dynamics were corrected for motion by including the 6
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rigid-body-movement parameters as covariates in a generalized

linear model. Spatial deviations with respect to a reference dy-

namic were also computed. BOLD dynamics exhibiting excessive

motion (�0.3 mm/dynamic) were automatically labeled and dis-

regarded in subsequent analyses. Data were spatially smoothed

using a Gaussian kernel of 7 mm. The Automated Segmentation

Tool of FSL (FAST; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fast) was

used for defining GM and WM masks.24 The mask of the cerebel-

lum from the Montreal Neurological Institute 152 atlas was

coregistered to each patient to determine the cerebellar region.

For CVR maps, the patient’s BOLD time-series in each voxel of

the brain was subjected to generalized linear model analysis, using

the corresponding averaged cerebellar time courses as a regressor

(Fig 1B). The regression coefficients (or the � weights) were then

calculated for each voxel. Negative � weights describing an in-

verse relationship with the regressor are the markers of steal. CVR

maps consisting of voxelwise negative and positive � weights (de-

scribing a negative and positive relationship with the regressor,

respectively) were coregistered to the high-resolution T1 images

in the native space for visualization.25 A combined CVR measure

was also computed as a weighted average of relative counts of

positive and negative voxels.19 In addition, all CVR measures were

summarized by major vascular territory, namely the middle cere-

bral artery, anterior cerebral artery, and posterior cerebral artery,

defined using the regions in the Harvard-Oxford Atlas.26-29

Assessment of BH-CVR Performance
The quality of BH studies was assessed using the following: 1) BH

compliance during data acquisition using a respiratory waveform

from the bellows, and 2) evidence of excessive motion during

postprocessing. The determination was based on a cutoff set at

�15 dynamics, or 30 seconds, affected by motion in either BH

repeat study.

Qualitative Scoring of BH-CVR Maps
Summative scoring of the ROIs (whole-brain and hemispheric

vascular territories) of the BH-CVR maps was conducted by vi-

sual inspection for steal of the first repeat study (1A–1B) by neu-

rologists, blinded to the patients’ clinical information. Negative

CVR reactivity observed in CSF-rich ventricular regions, includ-

ing the peritrigonal regions, has been reported in healthy individ-

uals.30 It is physiologic and hence considered an artifact in CVR

interpretation.31 The visual impression of normal positive re-

activity, reduced positive reactivity � minimal steal, and sig-

nificant (�10% of the ROI) steal was scored as 1, 2, and 3,

respectively (Table). Hemispheric scoring by visual inspection

was conducted independently by the same neurologists for pa-

tients with multiple time point studies (1A–1B; 2A–2B; 3A–3B;

4A– 4B) (Fig 2).

Moyamoya Subtype, Stroke, and Intellectual Function
Clinical records and high-resolution clinical T2-weighted images

acquired at the time of each BH-CVR study were reviewed for

Moyamoya subtype, history of stroke, and the presence of vascu-

lar territory ischemic infarction.

Standardized age-appropriate measures of intelligence using

the Wechsler Intelligence Scale for Children (IV/V),26,27 admin-

istered as part of routine clinical care within 3 years of BH-CVR

collection, were reviewed and included in the analysis.

FIG 1. Schematic of breath-hold paradigm (A) and cerebellar BOLD signal time course (B) obtained from a representative participant (P11). a.u.
indicates arbitrary units.

Criteria for scoring CVR maps
Visual Impression Score

Normal CVR 1
Reduced positive reactivity � minimal steal (�10%) 2
Significant steal (�10%) 3
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Statistical Analysis
To determine the repeatability, we computed the ICC and coeffi-

cient of variation (CV) of within-day repeat scans in the whole

brain and in tissue (GM, WM) masks.21 CV was computed as a

ratio of the SD and mean of CVR estimates among repeat studies.

Interpretation of ICC values was as follows: �0.41, “poor”; �0.41

and �0.59, “fair”; �0.59 and �0.74, “good”; and �0.74, “excel-

lent.”32 Bland-Altman analysis was performed to determine the

95% limits of agreement among the repeat BH-CVR estimates.

The Cohen � analysis was used to assess the following: 1) agree-

ment among whole-brain scores, 2) agreement among scores by

vascular territory, and 3) interrater reliability of hemispheric

scoring of repeat scans. Interpretation of the � scores was as fol-

lows: 0.01, “poor”; 0.01– 0.20, “slight”; 0.21– 0.40, “fair”; 0.41–

0.60, “moderate”; 0.61– 0.80, “substantial”; and 0.81–1.00,“al-

most perfect” agreement.33

Means of positive, negative, and combined CVR estimates,

representing the magnitude of CVR values, and their respective

voxel counts were computed and compared among repeat scans

using paired t tests. These estimates were also compared among

repeat scans in the left and right hemispheric vascular territories,

using 3-way repeat-measures ANOVA.

Exploratory analyses to examine relationships among ICC,

CVR estimates, clinical factors (Moyamoya subtype, history of

stroke), demographics (age at CVR), and intellectual function

(full-scale intelligence quotient and intelligence quotient sub-

scales) were conducted. One-way ANOVA was used for categoric

variables; and linear regression, for continuous independent vari-

ables. Post hoc t tests were performed to assess significant

ANOVA findings. Fisher exact tests were used for comparing 2

categoric variables.

RESULTS
Study Population
Twenty children (11 males; mean age, 12.1 � 3.3 years; median,

11.7 years; range, 6.2–18.0 years) at the first BH-CVR were in-

cluded. Follow-up repeat scans (2A–2B) were collected in 6 chil-

dren, 3 children returned for a third scan (3A–3B), and 1 child

returned for a fourth scan (4A– 4B). Thirty pairs of within-day

repeat BH-CVR studies (60 BH-CVR scans) were completed.

Eleven patients (55%) had idiopathic Moyamoya disease, 4

(20%) had neurofibromatosis type 1, two (10%) had SCD, while 3

others (15%) had familial, radiation-induced, or ACTA2 muta-

tion Moyamoya disease (On-line Table 1); the mean age at Moya-

moya disease diagnosis was 7.9 � 3.2 years (median, 8.0 years;

range, 1.4 –16.8 years). Three patients (15%) presented with

stroke, and 7 patients (35%), with TIA. Seventeen patients (85%)

had no prior history of stroke. Half of the children were either

asymptomatic (7/20, 35%) or had headache only (3/20, 15%) at

the time of Moyamoya disease diagnosis.

BH Performance, CVR Estimates, and Repeatability
Measures
In 6 of 30 studies (20%), the children were flagged as noncompli-

ant, all of whom were undergoing first repeat studies (1A or 1B).

Four of those were noted to be noncompliant during data acqui-

sition. Two studies had excessive motion noted during postpro-

cessing. All studies irrespective of compliance or motion were

included in the assessment of repeatability (On-line Table 1).

Mean BH durations in the first (A) and the second (B) scans

were 19.6 � 3.3 seconds (range, 12–25 seconds) and 20.3 � 3.4

seconds (range, 14 –25 seconds), respectively (P � .1; median for

A and B � 20 seconds). No significant differences between repeat

scans were found for the positive, negative, or combined mean

CVR estimates or the counts of positive and negative voxels in the

GM and the WM (all P � .05; patient-wise estimates in On-line

Table 2). The CVR estimates differed across the vascular territo-

ries but, most important, not among repeat scans (all P � .05;

On-line Fig 1). All estimates differed between the anterior cerebral

artery and posterior cerebral artery and MCA and posterior cere-

bral artery territories, with no difference between the anterior

cerebral artery and MCA (P � .05, Bonferroni-corrected). Of 30

paired studies, repeatability for the whole-brain CVR estimates

(ICC � 0.703 � 0.190) was excellent in 18 (60%) and good in 5

(17%) studies. The remaining 7 studies (23%) fell into the fair-

to-poor range (On-line Table 1). All except 1 (5/6) patient flagged

as either noncompliant or for excessive motion had poor ICCs.

The 2 patients with SCD also exhibited relatively low ICCs (0.51–

0.48). The ICC tended to vary across vascular territories (P � .07)

but fell in the good range (MCA � 0.67 � 0.16; anterior cerebral

artery � 0.65 � 0.19; posterior cerebral artery � 0.71 � 0.12;

On-line Fig 2).

The mean CV was 9.1% � 8.2% for positive CVR and 22.5% �

18.3% for negative CVR in the GM. CV was reduced, on average,

FIG 2. A, Normal-appearing BH-CVR maps demonstrating positive
BH-CVR reactivity (P07: whole-brain score, 1; hemispheric score, 1:1). B,
BH-CVR maps with abnormal findings demonstrating bilateral abnor-
mal (left � right) negative reactivity (P15: whole-brain score, 3; hemi-
spheric score, 3:3). L indicates left; a.u., arbitrary units.
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by 2.5% after excluding the studies flagged for noncompliance.

CV and ICC were negatively correlated (P � .05). A Bland-Alt-

man plot (Fig 3) illustrated the overall variation of whole-brain

CVR with a test-retest difference of �0.004 � 0.202.

Qualitative Scoring by Visual Inspection
Three (1A or 1B) repeat studies were excluded as not being suit-

able for scoring by visual inspection. In the remaining paired

studies (17/20), there was 82.35% (14/17) agreement in whole-

brain (1A–1B) scores. The Cohen weighted � was 0.75, in keeping

with good strength of agreement. The Cohen weighted � by vas-

cular territory was 0.95 (MCA), 0.8 (anterior cerebral artery),

and 1.0 (posterior cerebral artery), suggestive of almost perfect

strength of agreement. The interrater reliability for hemispheric

scoring was 1.0 (left) and 0.83 (right), suggestive of perfect and

very good strength of agreement among scorers, respectively.

Age, Moyamoya Subtype, Stroke, Intellectual Function,
and Measures of BH-CVR Repeatability
Neither Moyamoya subtype nor a history of stroke was associated

with ICC ranks (excellent, fair/good, poor; P � .05). A significant

effect of age at the time of BH-CVR on the ICC ranks was found

(mean age in poor, excellent, and good ICC groups, 8.6 � 1.7,

13.1 � 2.6, and 14.2 � 2.9 years, respectively; F(2,20) � 4.3; P �

.027). The ICC was not associated with the full-scale intelligence

quotient (n � 9) or subscales (P � .05). However, the count of

negative CVR voxels was a significant predictor of the processing-

speed index (GM, P � .015; WM, P � .047) after controlling for

BH duration and age. In addition, the processing-speed index was

significantly reduced in patients with whole-brain qualitative

scores of 3 (ie, in patients exhibiting significant steal) (P � .009).

DISCUSSION
Our study demonstrates that BH-CVR implemented using stan-

dard functional MR images provides a feasible, repeatable, and

reliably interpretable tool for the assessment of CVR and cerebro-

vascular reserve in children with Moyamoya disease. On average,

children older than 8.6 years, composing 80% of our cohort, had

no difficulty with our BH paradigm. In this group, within-day

repeatability was good-to-excellent, CV was �25%, and agree-

ment of repeat measures was acceptable. Repeatability was not

affected by clinical factors such as Moyamoya disease etiology,

history of stroke, or intellectual abilities. Negative CVR or steal,

however, was associated with a reduced processing-speed index in

a subset of our cohort. Another important goal of our study was to

explore whether BH-CVR maps are reliably interpretable among

different clinical users. We found good-to-excellent agreement of

within-day visual inspection scores and almost perfect interrater

agreement.

A significant number of children with Moyamoya disease are

asymptomatic at the time of diagnosis and therefore require life-

long surveillance. This was reflected in our study in which 35% of

our patients were asymptomatic at diagnosis. Our study also in-

cluded the youngest child with Moyamoya disease reported to

date to successfully complete BH-CVR studies (6.2 years of

age).20,21,30 Lowering the age limit of feasibility to younger than 7

years for obtaining the CVR measures will facilitate earlier insti-

gation of longitudinal surveillance in Moyamoya disease than is

the current practice and will inform clinical management in the

age group at highest risk of stroke.

A number of factors affect the BOLD response and thereby

measures of repeatability. This was highlighted by our 2 patients

with SCD who had notably lower repeatability, despite complet-

ing the BH-CVR without any issues with compliance or motion.

This result may be attributed to the anemia in SCD driving a

global impairment in CVR34,35 and reducing the overall signal-

to-noise ratio of the BOLD response. The increased influence of

noise can adversely affect the correlation of repeat scans. In addi-

tion, negative CVR, which is frequently seen in SCD,35 is espe-

cially prone to high variability and therefore can affect repeatabil-

ity in these patients, as suggested by our data.

The BH execution and the duration of BH can also affect the

BOLD response. A short BH of 3 seconds is adequate to produce a

detectable BOLD response. However, a longer BH increases the

magnitude and number of voxels exhibiting the response, result-

ing in more robust and repeatable measures of BOLD-CVR.36 The

mean BH duration in our study ranged from 19.6 to 20.3 seconds,

suggestive of good BH duration overall. One of the limitations of

the BH challenge is that it is limited to patients who can under-

stand and comply with instructions. It therefore does not ade-

quately address the challenge of conducting CVRs in the very

young (eg, younger than 5 years of age). However, supervised

practice of the paradigm and use of good BH practice guidelines

such as paced breathing between challenges and breath-holding

after expiration both at home and outside the MR imaging scan-

ner before the BH-CVR study may help improve BH perfor-

mance, reduce variability, and, in turn, improve repeatability.22

Other strategies to minimize motion during scanning include

measures to reduce distractibility among BH-CVR cycles such as

visual fixation with videos and/or games.

Real-time monitoring of the carbon dioxide stimulus is the

desirable method for CVR quantification.22 Alternatively, as in

our study, the dynamic cerebellar BOLD time course can be

used.37 In this method, the BOLD signal from the cerebellum

represents changes in the blood flow corresponding to the accu-

mulation of arterial carbon dioxide in each BH and provides a

FIG 3. Bland-Altman plot showing a low mean between-scan differ-
ence of 0.004 (dotted line) with a critical difference of 0.202 (broken
lines).
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dynamic trace reference for quantifying BOLD in the rest of the

brain tissue. While this method is reliable for within-subject as-

sessment of CVR, a limitation is that it cannot be used for group

comparative analysis. The use of MR imaging– compatible tech-

nologies for real-time acquisition of carbon dioxide in conjunc-

tion with BOLD and BH will facilitate group-based and more

sophisticated quantitative analysis in future studies.

CONCLUSIONS
Measures of BH-CVR repeatability in children are good-to-excel-

lent and CVR maps are reliably interpretable by clinical users.

While clinical acquisition of MR imaging–CVR using computer-

controlled devices has become increasingly feasible with recent

iterations of this technology, the relative simplicity of BH-CVR is

desirable for younger patients who can follow simple instructions.

In addition, BH-CVR remains a practical substitute for many in-

stitutions when controlled-delivery carbon dioxide methods are

not available or tolerable. Standardization of BH paradigms, im-

age acquisition, and processing protocols will further allow the

implementation of this promising technique for clinical assess-

ment of cerebrovascular reserve and ischemic risk in childhood

cerebrovascular disease.
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