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ORIGINAL RESEARCH
ADULT BRAIN

Association of Fractional Flow on 3D-TOF-MRA with Cerebral
Perfusion in Patients with MCA Stenosis

X X. Ge, X H. Zhao, X Z. Zhou, X X. Li, X B. Sun, X H. Wu, X J. Wan, X J. Xu, X J.P. Villablanca, and X X. Liu

ABSTRACT

BACKGROUND AND PURPOSE: Fractional flow measured on 3D-TOF-MRA was proposed to quantify cerebral hemodynamic changes in
patients with artery stenosis. We investigated the association between fractional flow and cerebral perfusion changes in patients with
symptomatic MCA stenosis.

MATERIALS AND METHODS: This prospective study was approved by the institutional review board, and all participants provided written
informed consent. From June 2015 to May 2018, four hundred twenty-nine patients with symptomatic intracranial arterial stenosis were
consecutively recruited and underwent conventional brain MR imaging, 3D-TOF-MRA, and brain CTP. A total of 91 patients with unilateral
M1 segment stenosis of the MCA and a stenosis degree of 50%�99% were included in the analysis. Fractional flow was measured by
comparing distal and proximal signal intensity changes across the stenosis on 3D-TOF-MRA. The cutoff value for fractional flow for
discriminating between normal perfusion and hypoperfusion was obtained from the receiver operating characteristic curve. Associations
between fractional flow and hypoperfusion were assessed using univariate and multivariate analyses.

RESULTS: The receiver operating characteristic curve showed a significant fractional flow threshold value at 0.90 (sensitivity, 70.1%; 95%
CI, 55.9%– 81.2%; specificity, 69.6%; 95% CI, 47.6%– 84.1%). Participants with a fractional flow of �0.90 were independently associated with
cerebral hypoperfusion downstream from the stenosis site (adjusted OR, 3.68; 95% CI, 1.63–11.62; P � .027).

CONCLUSIONS: Fractional flow measured on 3D-TOF-MRA may serve as a noninvasive and practical tool for determining the cerebral
hypoperfusion in patents with symptomatic MCA stenosis.

ABBREVIATIONS: FF � fractional flow; ICAS � intracranial arterial stenosis; rMTT � relative (affected side/contralateral side) MTT; rTTP � relative (affected
side/contralateral side) TTP; SAG-C � stressed autoregulation compensated; SAG-D � stressed autoregulation decompensated; SI � signal intensity

Intracranial arterial stenosis (ICAS) is one of the main causes of

ischemic stroke or TIA.1 In addition to stenosis severity, several

factors (such as plaque composition, collateral circulation status,

and hemodynamic changes across the stenosis lesion) are closely

associated with a risk of primary or recurrent stroke in patients

with ICAS.2-4 Brain 3D-TOF-MRA has been widely used to diag-

nose ICAS in clinical practice. Recently, fractional flow (FF) mea-

sured on 3D-TOF-MRA, a new imaging parameter, was proposed

to quantify cerebral hemodynamic changes in patients with

ICAS.5-8

Although FF predicted the risk of stroke in patients with ICAS in

a secondary analysis of the Stroke Outcomes and Neuroimaging of

Intracranial Atherosclerosis (SONIA) trial,7 the underlying mecha-

nism has not been clarified. Cerebral hemodynamic changes caused

by ICAS presumably reduce the perfusion pressure in the corre-

sponding downstream region. Because CTP is a fast and reliable im-

aging option to visualize cerebral perfusion, Cianfoni et al9 and

Siemund et al10 used CTP to characterize dynamic perfusion changes

in response to a progressive decline in perfusion pressure: When per-

fusion pressure drops into an ischemic range, cerebral perfusion is

maintained through autoregulatory vasodilation, which manifests

with a normal or slightly increased CBF, elevated CBV, and a corre-

sponding increase in MTT. As perfusion pressure continues to de-

cline, cerebral arterioles are unable to dilate further, and CBF and

CBV decrease as a consequence, as MTT is further prolonged. TTP,

Received December 11, 2018; accepted after revision May 3, 2019.

From the Departments of Radiology (X.G., H.Z., Z.Z., X. Li, B.S., J.X., X. Liu), Neurol-
ogy (H.W.), and Neurosurgery (J.W.), Ren Ji Hospital, School of Medicine, Shanghai
Jiao Tong University, Shanghai, P.R. China; and Department of Radiological Sciences
and Neurosurgery (J.P.V.), David Geffen School of Medicine at University of Cali-
fornia, Los Angeles, Los Angeles, California.

This research was supported by the National Natural Science Foundation of China
(No. 81271575, 81401374, 81571630) and the Shanghai Jiao Tong University Medical-
Engineering Cross-Cutting Research Project (No. YG2015MS53, YG2015QN36).

Please address correspondence to Xiaosheng Liu, MD, PhD, Department of Radiol-
ogy, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University, 160 Pujian
Rd, Shanghai 200127, China; e-mail: miaxiaosheng@gmail.com

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A6095

1124 Ge Jul 2019 www.ajnr.org

https://orcid.org/0000-0003-1597-6180
https://orcid.org/0000-0002-8490-4757
https://orcid.org/0000-0001-6543-7113
https://orcid.org/0000-0002-7078-9815
https://orcid.org/0000-0002-2163-4163
https://orcid.org/0000-0002-9464-1989
https://orcid.org/0000-0003-0118-5038
https://orcid.org/0000-0002-8383-1736
https://orcid.org/0000-0002-7066-0341
https://orcid.org/0000-0001-7321-8543


an intuitive and straightforward parameter like MTT, is also ex-

tracted by some software packages.

Lan et al5 have explored the relationship between FF and ce-

rebral perfusion in patients with ICAS and found that lower FF

across the stenosis lesion could reflect delayed perfusion in the

ipsilateral downstream region. However, their work was hindered

by a long interval between MRA and CTP, a small sample size, and

other potential confounders. In this study, we aimed to prospec-

tively investigate the association between FF across the stenosis

lesion and ipsilateral downstream perfusion on CTP in patients

with symptomatic MCA stenosis and to assess the ability of the FF

to discriminate cerebral hypoperfusion from normal perfusion in

this clinical population.

MATERIALS AND METHODS
Participants
The study was approved by the Ethic Committee of Shanghai

Renji Hospital, and all participants provided written informed

consent. From September 2015 to May 2018, we consecutively

recruited patients with ischemic stroke or TIA who were diag-

nosed by a physician from the department of neurology of our

hospital. Ischemic stroke was defined as an episode of neurologic

dysfunction persisting �24 hours or until death, caused by focal

cerebral infarction on CT or MR imaging with other etiologies

excluded.11 TIA was defined as a transient episode of neurologic

dysfunction lasting �24 hours and caused by focal cerebral isch-

emia without a finding of acute infarction. The symptomatic

MCA stenosis was defined as responsible for the neurologic dys-

function. All participants underwent conventional brain MR im-

aging, including 3D-TOF-MRA, and brain CTP within 1 day of

enrollment. The location and degree of ICAS were evaluated on

CTA from the arterial phases of CTP source data. Patients with

unilateral MCA stenosis at the M1 segment and with a stenosis

degree of 50%�90% were included for analysis. Exclusion criteria

were as follows: 1) cardioembolic stroke, 2) coexistent extracra-

nial arterial stenosis with the stenosis degree of �50%, 3) tandem

stenosis at the MCA by CTA and MRA, 4) MR signal intensity (SI)

and absent CTA density loss at the M1 segment of the MCA due to

complete occlusion, and 5) contraindications to MR imaging or

CTP (heart pacemaker, metallic implant, severe claustrophobia,

pregnancy, allergy, or an estimated glomerular filtration rate of

�30 mL/min/1.73 m2). Demographic and clinical characteristics

of enrolled subjects were recorded. Anatomically severe and mod-

erate stenosis was determined to be 70%�99% and 50%�69%

luminal stenosis measured on CTA, respectively.

Fractional Flow Measured on 3D-TOF-MRA
All participants underwent conventional brain MR imaging and

3D-TOF-MRA using a 3T whole-body MR imaging scanner

(Achieva; Philips Healthcare, Best, the Netherlands) with the

following sequences—1) axial T1WI: TR � 25 ms, TE � 2.3

ms; 2) axial T2WI: TR � 3000 ms, TE � 80 ms; 3) axial FLAIR:

TR �7000 ms, TE �120 ms, TI � 2250 ms; and 4) axial DWI:

TR � 2748 ms, TE � 97 ms, b-value � 1000. All axial MR images

shared the following parameters: FOV � 230 � 230 mm, slice

thickness � 5 mm, acquisition matrix � 230 � 230 (except DWI

with the reconstructed matrix of 192 � 192). The parameters of

the 3D-TOF-MRA sequence were the following: slice thickness �

1.2 mm, TR � 23 ms, TE � 3.5 ms, flip angle � 18°, FOV � 199 �

199 mm, acquisition matrix � 500 � 332. Eighteen MIPs with 10°

separation were constructed for anteroposterior and lateral views,

respectively. The duration of MR imaging was 8 minutes 50

seconds.

FF was measured on an Extended MR Workspace 2.6.3.1

(Philips Healthcare) by 2 independent readers (X.G. and X. Liu

with 3 and 15 years of experience in MR imaging interpretation,

respectively), blinded to each other’s readings and clinical data.

According to the method proposed by Liebeskind et al,7 proximal

and distal SIs across ICAS lesions were measured on the MIP

image that showed the highest percentage of stenosis of the target

lesion, using two 3-mm-length ROIs covering the entire vessel

lumen (Fig 1). The boundary of the vessel edge was defined using

a visual estimation of the full width at half maximum of the slice-

sensitivity profile.12 The background SI was estimated by the av-

erage SI in 2 circular ROIs (with an area of 15–20 mm2) placed

symmetrically on both sides of the background on the same MIP

image. The FF was calculated according to the following formula:

FF � (Distal SI � Background SI) / (Proximal SI � Background

SI). To avoid the possible impact of window width and level set-

tings on the lesion appearance, we standardized viewing thresh-

olds between the 2 readers. Each lesion was measured twice by

each reader; then, the average of the 2 measures was the FF value

of the lesion from this reader.

Acute cerebral infarctions were identified as hyperintense lesions

on the DWI and hypointense lesions on apparent diffusion coeffi-

cient maps. The volumes of the acute cerebral infarctions involving

the MCA regions were measured by an independent radiologist (J.X.

with 20 years of experience in MR imaging interpretation) twice for

each patient with acute ischemic stroke on the Extended MR work-

station. The volumes of acute cerebral infarctions were determined

using the image of the affected slices with hyperintense areas visible

from the b�1000 mm/s2 images. The sum of the volumes of the acute

cerebral infarctions was recorded and averaged.

Brain CT Perfusion
All participants underwent cerebral CTP with a 64 – detector row

scanner (SOMATOM Sensation 64, Siemens, Forchheim, Ger-

many). Scanning parameters of CTP were as follows: 100 kV, 150

mAs, 235 � 199 mm collimation, 11.4-cm scan volume in the

z-axis, slice thickness � 5 mm using an adaptive spiral scanning

technique (“shuttle mode”). Data were acquired at 40 time points

separated by a repetition interval of 1.5 seconds. A total of 50 mL

of nonionic iodinated contrast media, iohexol (Omnipaque 350;

GE Healthcare, Piscataway, New Jersey), was injected at a rate of

5.0 mL/s, followed by a saline flush of 30 mL of sodium chloride at

5.0 mL/s and a start delay of 5 seconds. The total CT dose index

volume was 198.25 mGy, and the total dose-length product was

2258 mGy � cm. The CTP processing analysis was performed on

a multimodality workstaion (Siemens syngo 2010B; Siemens)

with the vendor-supplied Neuro-VPCT software based on the

semiautomatic deconvolution algorithm “auto stroke.” Motion

correction, bone segmentation, estimation of arterial input, and

venous output function were performed automatically before
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angiograms and color-coded perfusion parameter maps of MTT,

TTP, CBF, and CBV were obtained.

The quantitative assessment of cerebral perfusion was performed

by 2 independent radiologists (X. Li and Z.Z. with 4 and 10 years of

experience in CTP interpretation, respectively) who were blinded to

the FF outcome. Six circular ROIs (8–12 cm2) in either hemisphere

were drawn manually and symmetrically in the bilateral MCA terri-

tories at 3 anatomic levels (the centrum semiovale, corona radiata,

and basal ganglia levels) (Fig 1). The mean relative values of MTT

(rMTT), TTP (rTTP), CBF, and CBV were calculated by the ratio of

the mean value of the ROIs between the affected and contralateral

sides. Ischemic penumbra was considered as a relative MTT increase

of �145% with increased TTP, mildly decreased CBF, and normal or

even increased CBV.13 Core infarction was an affected CBF reduc-

tion of �31% of the contralateral side, with increased MTT and TTP

and decreased CBV.14 Radiologists needed to refer to the DWI to

avoid missing small lacunar infarcts on color-coded perfusion pa-

rameter maps. Hypoperfusion was defined as ischemic penumbra

and/or core infarction in the downstream region of the lesion and

was graded as 1 of 2 stages: the stressed autoregulation compensated

(SAG-C) stage (ischemic penumbra without core infarction) and the

stressed autoregulation decompensated (SAG-D) stage (with core

infarction) (Fig 2).

The degree of luminal stenosis and stenosis lengths were

blindly measured twice by the same reader (B.S. with 5 years of

experience in brain CT interpretation) for each patient, and the

values were averaged. The degree of ste-

nosis on CTA was calculated by follow-

ing equation: Percentage Stenosis �

[1 � (Dstenosis / Dnormal)] �100%.

Dstenosis is the diameter of vessel at the

side of stenosis. Dnormal is the diameter of

the vessel distal to the stenosis.15 Ana-

tomically moderate and severe stenoses

were determined as 50%– 69% luminal

stenosis and 70%–99% luminal stenosis,

respectively.

Collateral circulation in MCA terri-
tories was assessed on the basis of a
6-point ordinal scale proposed by
Menon et al.16 The 15th (the peak arte-
rial phase), 20th, and 25th phases of the
CTP original images were chosen to
grade collateral scores. Two indepen-
dent radiologists (H.Z. and B.S. with 10
and 5 years of experience in brain CT
interpretation, respectively) who were
blinded to the data of adjusted FF and
CT perfusion compared the pial arterial
filling between symptomatic and con-
tralateral hemispheres in 3 CTP phases
and then performed collateral scoring.

Statistical Analysis
Data were presented as mean � SD and

median or count (percentage) as appro-

priate. The 1-way random intraclass
correlation coefficient was performed to

assess the interreader reproducibility of the FF. Mean FFs of 2

readers were compared using paired t tests. Interreader agreement

on collateral scoring and hypoperfusion decision-making were

assessed by the Cohen � test. The � value or intraclass correlation

coefficient was interpreted as fair (0.20 – 0.40), moderate (0.41–

0.60), good (0.61– 0.80), or excellent (0.81–1.00) agreement.

Receiver operating characteristic curves were used to calculate

the sensitivity and specificity of the FF for distinguishing nor-

mal perfusion and hypoperfusion. The threshold was set ac-

cording to the Youden index. The association between the FF

and hypoperfusion was assessed using the logistic regression

model. First, univariable association was determined, and a

multivariable model was then used to adjust potential con-

founders with P values of � .05 in the univariable analysis.

Correlations between FF and perfusion parameters, degree of

luminal stenosis, stenosis lengths, the volumes of acute cere-

bral infarctions, and the degree of hypoperfusion were evalu-
ated by either the Pearson or Spearman correlation coefficient.

The 1-way ANOVA test followed by the least significant differ-

ence test was applied for multiple comparisons of FF among

different degrees of cerebral hypoperfusion. Differences of FF

between normal perfusion and hypoperfusion groups were

analyzed by the independent-samples t test. SPSS software

(Version 19.0; IBM, Armonk, New York) was used for statisti-

cal analysis. A P value � .05 was considered statistically

significant.

FIG 1. Illustration of fractional flow measurement and cerebral perfusion assessment. A, FF mea-
surement: measurement of signal intensities proximal and distal to a stenosis located at the left
MCA on a 3D-MIP image of TOF-MRA. B, Cerebral perfusion assessment: 6 circular ROIs were
symmetrically drawn in the bilateral MCA territories at the centrum semiovale, corona radiata,
and basal ganglia levels.
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RESULTS
Characteristics of Participants
In total, 91 eligible participants (28 women and 63 men; mean age,

59.0 � 9.6 years) were included in the analysis. Patients with

stroke spanned the acute-to-chronic stage (median time since

stroke, 22.7 days; interquartile range, 12.3�36.1 days). The per-

centage of patients with MCA stenosis was 89.0% (n � 81) on the

symptomatic side and 11.0% (n � 10) on the asymptomatic side.

A total of 338 participants were excluded due to cardioembolic

stroke (n � 21), intracranial artery occlusion (n � 68), ICAS

involving the posterior circulation or intracranial segment of the

internal carotid artery (n � 89), multiple ICAS or extracranial

arterial stenosis (n � 118), tandem stenosis at the MCA (n � 37),

or poor image quality due to motion artifacts (n � 5). Participants

with hypoperfusion were significantly different from those with

normal perfusion in current smoking, anatomic severity of the

lesion, collateral scoring, and FF (P � .001, P � .004, P � .002,

and P � .000, respectively) (Table 1).

Mean FFs were not significantly different between 2 readers

(P � .309, mean difference � .008). The interreader agreement

was good for FF (intraclass correlation coefficient � 0.92), hypo-

perfusion assessment (� � 0.93), and collateral circulation scor-

ing (� � 0.90).

FF Cutoff Value Determined from the Receiver Operating
Characteristic Curve
Twenty-nine (31.9%) participants had normal perfusion, and 62

(68.1%) had hypoperfusion involving the ipsilateral MCA region.

The mean FF value of the hypoperfusion group was significantly

lower than that of normal-perfusion group (0.7 � 0.2 versus

0.9 � 0.2; P � .000). The receiver operating characteristic curve of

FF to distinguish normal perfusion and hypoperfusion is shown

in Fig 3. The area under the curve was 0.702. For the FF, the

Youden index was greatest when a threshold value of 0.90 was

applied (sensitivity, 70.1%; 95% CI, 55.9%– 81.2%; specificity,

69.6%; 95% CI, 47.6%– 84.1%).

Association between FF and Cerebral Perfusion
Table 2 shows the results of the logistic regression analyses of FF.

In univariate analysis, there were significant differences between

normal perfusion and hypoperfusion in the FF, collateral score,

and current smoking (P � .046, P � .049, and P � .043, respec-

FIG 2. Color-coded perfusion parameter maps show the degree of cerebral hypoperfusion. A1– 4, Normal perfusion. B1– 4, Hypoperfuison on
the stressed autoregulation compensated stage (ischemic penumbra without core infarction). C1– 4, Hypoperfuison on the SAG-D stage
(ischemic penumbra with core infarction). Short arrows show ischemic penumbra regions (increased TTP and MTT, normal CBF and CBV). The
long arrows show core infarction regions (increased TTP and MTT, decreased CBF and CBV).
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tively). In multivariate analysis, an FF of �0.90 was independently

associated with cerebral hypoperfusion in the region downstream

from a stenosis site (adjusted OR, 3.68; 95% CI, 1.63–11.62; P �

.027) and after correcting for collateral score and current smoking

(OR, 0.26; 95% CI, 0.07– 0.97; P �

.041; OR, 7.20; 95% CI, 1.43–36.40;

P � .017).

FF was different among normal (29,

31.9%), SAG-C (22, 24.2%), and SAG-D

(40, 43.9%) perfusion stages (P � .021),

and a negative correlation was found be-

tween FF and different cerebral perfu-

sion stages (� � �0.325, P � .010). The

mean FF at the normal stage (0.93 �

0.15) was higher than that at SAG-C

stage (0.86 � 0.21, P � .024) or at the

SAG-D stage (0.72 � 0.18, P � .011).

The mean FFs at SAG-C and SAG-D

stages were not different (P � .534) (Fig

4). In terms of the perfusion parameters,

the FF was correlated with rTTP (r �

�0.52, P � .001), rMTT (r � �0.57,

P � .001), and relative CBF (r � 0.21,

P � .043), but not with relative CBV

(r � 0.16, P � .143) in all eligible par-

ticipants (Table 3). Stratification by

the collateral score showed that the

correlations between FF and rTTP and

rMTT in poor collateral circulation

(collateral score 0 –3 group; r �

�0.485, P � .001; r � �0.414, P �

.001) were stronger than those in good

collateral circulation (collateral score

4 –5 group; r � �0.250, P � .004; r �

�0.361, P � .002).

Neither the degree of luminal steno-

sis nor stenosis lengths were signifi-

cantly correlated with FF (r � �0.217,

P � .089; r � �0.163, P � .315). In pa-

tients with acute cerebral infarctions,

there was no significant correlation

between FF and the volume of acute

cerebral infarctions (r � �0.119, P �

.076).

DISCUSSION

In this study, there was an independent as-

sociation between the FF across the steno-

sis site and cerebral hypoperfusion in the

downstream region in participants with

ICAS at the M1 segment of the MCA. FF

could discriminate cerebral hypoperfu-

sion from normal perfusion at a cutoff

value of 0.90 with relatively high sensi-

tivity and specificity. The interreader re-

producibility of the FF measurement

was good, a finding consistent with the

results of a prior study.17 These findings suggest that FF measured
on 3D-TOF-MRA could be adopted as a noninvasive and practi-

cal tool to determine the hemodynamic change in patients with

ICAS.

FIG 3. Receiver operating characteristic (ROC) curve of fractional flow to differentiate normal
perfusion and hypoperfusion.

Table 1: Characteristics of patients and lesions
With Normal
Perfusion on

Brain CTP (n = 29)

With Hypoperfusion
on Brain

CTP (n = 62)
P

Value
Age (mean) (yr) 58.8 � 9.2 61.5 � 10.9 .237
Male sex (No.) (%) 16 (17.6%) 47 (51.6%) .261
Current smoker (No.) (%) 4 (4.4%) 30 (33.0%) .001
Hypertension history (No.) (%) 13 (14.3%) 38 (41.8%) .073
Diabetes mellitus history (No.) (%) 5 (5.5%) 19 (20.9%) .204
Blood pressure (mean) (mm Hg)

SBP 139.6 � 25.9 140.7 � 24.1 .874
DBP 79.3 � 14.3 83.1 � 13.9 .283

Fasting blood glucose (mean) (mmol/L) 5.5 � 1.1 6.4 � 2.5 .069
Cholesterol (mean) (mmol/L)

Total cholesterol 4.1 � 0.8 4.0 � 1.2 .814
HDL 1.1 � 0.3 1.1 � 0.4 .988
LDL 2.2 � 0.7 2.2 � 1.0 .954
Triglycerides 1.7 � 0.9 1.5 � 0.9 .494

Admitting diagnosis (No.) (%)
Transient ischemic attack 10 (11.0%) 11 (12.1%) .916
Acute ischemic stroke 8 (8.8%) 26 (28.6%) .086
Chronic ischemic stroke 11 (12.1%) 25 (27.5%) .541

Time from onset to CT/MRI (mean) (day) 29.1 � 19.6 24.0 � 18.9 .408
Median (interquartile range 25%–75%) 24 (15.5�46) 22 (11�30) .536

Anatomic severity of lesion on CTA (No.) (%)
Severe 10 (11.0%) 49 (53.8%) .004
Moderate 19 (20.9%) 13 (14.3%) .674

Stenosis length (mean) (mm) 4.7 � 2.5 4.9 � 2.7 .795
Collateral scoring on CTA 4.5 � 0.4 3.7 � 1.5 .002
Fractional flow on MRA 0.9 � 0.2 0.7 � 0.2 .000

Note:—HDL indicates high density lipoprotein; LDL, low density lipoprotein; SBP, systolic blood pressure; DBP, diastolic
blood pressure.
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Previous studies have reported that 3D-TOF-MRA was not

only able to diagnose ICAS but also provide information on he-

modynamic changes due to stenotic lesions. Leng et al6 reported

that SI changes across a stenosis on 3D-TOF-MRA were corre-

lated with acute infarct volume on DWI. Lan et al5 found that

reduced SI was associated with delayed ipsilateral cerebral perfu-

sion. However, the threshold FF value for determining hemody-

namically significant ICAS is still unknown. In this study, the

dichotomous FF was used in the analysis of its association with

cerebral perfusion. We found that FF could discriminate cerebral

hypoperfusion from normal perfusion

at the cutoff value of 0.90. In addition,

we used reasonable ROIs in the bilateral

MCA territories on the CTP maps, ex-

amined a larger sample size, and took

more confounders into consideration,

including stenosis severity, collateral

circulation scores, and the interval time

between CT and MR imaging.

Liebeskind et al7 reported that FF
could predict the risk of stroke in pa-
tients with ICAS. The underlying mech-
anism might be the mediation of cere-
bral perfusion impairment caused by a
hemodynamic change.18,19 Most inter-
esting, our FF cutoff value (0.90) in the
discrimination of hypoperfusion from
normal perfusion is almost the same as
that (0.9) in the prediction of stroke risk
in patients with MCA stenosis.7 A fur-
ther prospective cohort study is needed
to confirm the underlying mechanism
by taking stroke events as the outcome
and analyzing both FF and cerebral per-
fusion at baseline. According to the
flow-related enhancement theory, an SI
change of vessel lumen across the steno-
sis site on 3D-TOF-MRA is nonlinearly

correlated with the change of blood flow velocity caused by lumi-

nal stenosis.20-22 A nonlinear formula for FF calculation still

awaits development.

We found that FF was significantly correlated with some of the

perfusion parameters that are sensitive to perfusion pressure. Our

results on the correlation between FF and rMTT were also con-

firmed in a prior study.5 The possible mechanisms may be that

TTP and MTT were sensitive to perfusion pressure, and CBV and

CBF were mainly influenced by the autoregulation mechanism

and collateral circulation.9 In addition, the flow direction postste-

FIG 4. Correlations between fractional flow and the degree of cerebral hypoperfusion.

Table 2: Association of participant characteristics with cerebral hypoperfusion in univariable and multivariable logistic regression
models

Univariable Model Multivariable Model

P Value OR (95% CI) P Value OR (95% CI)
Age (per 1-yr increase) .542 0.98 (0.90–1.05)
Male vs female .254 0.38 (0.07–2.01)
Current smoker (Y vs N) .043 8.06 (1.06–60.71) .017 7.20 (1.43–36.40)
Hypertension history (Y vs N) .072 3.99 (0.89–18.06)
Diabetes mellitus history (Y vs N) .847 1.18 (0.21–6.51)
SBP (per 1-mm Hg increase) .141 0.96 (0.91–1.01)
DBP (per 1-mm Hg increase) .615 1.02 (0.94–1.16)
Fasting blood glucose (per 1-mmol/L increase) .081 1.75 (0.93–3.14)
HDL (per 1-mmol/L increase) .427 3.19 (0.14–75.54)
LDL (per 1-mmol/L increase) .299 3.37 (0.19–60.23)
Triglycerides (per 1-mmol/L increase) .180 0.53 (0.23–1.41)
Total cholesterol (per 1-mmol/L increase) .300 0.17 (0.07–4.72)
Time from onset to CT/MRI (per 1-day lapse) .451 0.98 (0.95–1.03)
Anatomic severity of ICAS on CTA (severe vs moderate) .274 0.59 (0.48–12.86)
Stenosis length (per 1-mm increase) .262 0.54 (0.45–13.06)
Collateral score on CTA (per 1-score increase) .049 0.28 (0.06–1.22) .041 0.26 (0.07–0.97)
Fractional flow on MRA (�0.90 vs �0.90) .046 7.28 (1.03–51.35) .027 3.68 (1.63–11.62)

Note:—Y indicates yes; N, no; HDL, high density lipoprotein; LDL, low density lipoprotein; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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nosis may be reversed and may create a low signal on 3D-TOF-
MRA distal to the stenosis in case of good collateral flow, provid-
ing a false impression that the stenosis is hemodynamically
relevant. The FF had a limited ability to detect the preservation or
a slight decrease in relative CBF and relative CBV. Thus, there was
no significant difference in FF between SAG-C and SAG-D stages
in our study, SAG-C and SAG-D stages graded according to the
decrease of CBF and CBV.

Collateral blood is one of the key factors in maintaining nor-
mal cerebral perfusion in ischemic regions when primary sources
of flow have become compromised.23 To reduce the effect of ce-
rebral collateral circulation on the results, we chose the unilateral
MCA stenosis at the M1 segment, which could avoid the compen-
sation of communicating arteries of the circle of Willis. In addi-
tion, we also took the secondary collateral pathways into account,
consisting of intracranial leptomeningeal anastomoses. Also, we
found that correlations between FF and rTTP and rMTT in the
collateral score 0 –3 group were stronger than those in the collat-
eral score 4 –5 group. The reason may be that hemodynamic
changes across the ICAS lesion may directly influence down-
stream perfusion when collateral blood is poor.

Strengths of this study included the prospective design, rela-
tively large sample size, short interval between MR imaging and
CT, and adjusting clinical or imaging confounders related to the
cerebral perfusion. This study also had several limitations. First,
we recruited only participants with ICAS at the unilateral M1
segments of the MCA. Therefore, generalization of the conclu-
sions from the current study may be limited by the selection bias.
The application of FF in patients with ICAS at multiple sites will
be further explored in future studies. Second, our sample size was
not large enough for subgroup analysis, so a prospective study
with more participants is needed. Furthermore, several factors
could affect the SI across the stenosis site on TOF-MR imaging,
such as vessel orientation, vessel tortuosity, natural vessel-caliber
change, and mineralized atherosclerotic plaques, which could in-
duce potential bias. We did not evaluate the possible impact of
variable imaging and postprocessing parameters, such as slice
thickness, flip angle, and reconstruction interval on FF values, and
we emphasize that the cutoff values we obtained may be specific to
the imaging protocol used in this study. Finally, although CTP is a
widely available technique in the clinical application, the accuracy
of CTP results is challenging and is affected by multiple factors
such as arterial input function selection, arterial curves, and less
sensitivity for lacunar infarcts.

CONCLUSIONS
This study demonstrates that an FF of � 0.90 measured on 3D-

TOF-MRA can independently predict the risk of cerebral hypo-

perfusion in the region downstream from the MCA stenosis. Its

ability to discriminate between normal perfusion and hypoperfu-

sion in patients with ischemic stroke or TIA suggests that it

may serve as a simple tool for risk stratification in routine clinical

practice.
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