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Abstract

Background and purpose: Fractional flow may identify hemodynamic effects and ischemic 

risk beyond percent stenosis of an artery. We hypothesized that diminished TOF-MRA signal 

intensity distal to an intracranial stenosis predicts stroke risk.

Methods: TOF-MRA was acquired prospectively in the SONIA-WASID trials. The distal/

proximal signal intensity ratio (SIR) was calculated from 3 mm regions of interest, blinded to 

outcome. Univariate and multivariate analyses included clinical variables, SIR, and invasive 

angiography measures to identify predictors for risk of stroke in the territory.

Results: 189 patients with 50-99% symptomatic intracranial stenosis in SONIA-WASID had 

TOF-MRA available. In univariate analysis, the hazard ratio (HR) for stroke in the territory of the 

symptomatic artery with SIR < 0.9 was 5.2 (1.8, 15.3; p<0.001) as compared to SIR ≥ 0.9. 

Multivariate analysis correcting for baseline systolic blood pressure, LDL, centrally measured 

percent stenosis, recency of symptoms, TICI and downstream collaterals, the HR for SIR <0.9 was 
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10.9 (2.0, 58.9; p<0.001). In those with <70% stenosis, a SIR <0.9 maintained a significant 

association with recurrent stroke in the territory (p=0.006), with a two year event rate of 17.3%.

Conclusions: Fractional flow assessed by TOF-MRA SIR may be a useful noninvasive tool to 

identify high-risk intracranial lesions.
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Intracranial atherosclerosis; stenosis; fractional flow; MRA; stroke

Introduction

Intracranial atherosclerotic disease (ICAD) may be the world’s most prevalent cause of 

ischemic stroke.[1] Treatment trials focused on percent stenosis and increasingly on severe 

stenoses to identify disease.[1, 2] While the WASID trial showed that the recurrent stroke 

risk during follow-up was low in patients with < 70% stenosis, 40% of strokes in the 

territory occurred in patients with moderate stenosis.[3] These patients were excluded from 

the subsequent SAMMPRIS trial evaluating endovascular intervention.

Recent experience with coronary disease illustrates that percent stenosis is not an optimal 

marker for identifying disease of physiological significance compared with fractional flow 

reserve (FFR), which utilizes a pressure gradient across stenoses to identify hemodynamic 

significance.[4-12] FFR better identifies ischemic risk, can be measured noninvasively with 

conventional CT techniques and can identify the riskiest coronary lesions for percutaneous 

intervention, whether the stenosis is severe or moderate by anatomic measures. This 

approach has improved outcomes and lowered costs while resulting in fewer interventional 

procedures.[5, 12]

A noninvasive tool to reliably identify patients with hemodynamically significant ICAD has 

not been established, although several imaging techniques may provide information on flow 

changes due to ICAD. Time-of-flight magnetic resonance angiography (TOF-MRA) is 

noninvasive and routinely performed in patients suspected of having ICAD. TOF-MRA 

signal intensity correlates with blood flow velocity and may serve as a useful, noninvasive 

risk marker. We hypothesized that diminished TOF-MRA signal intensity distal to an 

intracranial stenosis predicts a high risk of stroke distal to the stenotic artery. The goal of 

this specific approach was to utilize noninvasive imaging alone as a hemodynamic marker of 

subsequent stroke risk, without utilizing information available from subsequent conventional 

angiography.

Methods

Subjects underwent TOF-MRA and were enrolled in the WASID /SONIA collaboration. 

The lesion location was determined purely on a noninvasive basis on MRA, as per protocol 

in the SONIA trial, as it was the lesion seen on MRA that identified patients as candidates 

for subsequent angiography and enrollment in WASID/SONIA.

A previously described method was used to measure the relative distal:proximal signal 

intensity ratio (SIR) on TOF-MRA as a surrogate marker of fractional flow.[13] Diminished 
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SIR distal to a stenosis occurs with worsening hemodynamic impairment of flow. 

Feasibilityand intra-rater agreement of 0.975 (Pearson correlation coefficient) have been 

previously reported[13], with an associated inter-observer variability of 0.847 (Pearson 

correlation coefficient).[14]

Using a DICOM viewer, a 3 mm region of interest (ROI) distal and proximal to a stenosis is 

visualized on maximum-intensity projection (MIP) views. Each ROI covering the entire 

vessel lumen is outlined and mean SI for the ROI is measured. We specifically avoided 
branch points to ensure that we limited the potential influence of caliber or vessel 
diameter changes. We placed the volumes of interest where the vessel calibers were 
visually approximately equivalent at locations proximal and distal to the lesion (Figure 

1).

To adjust for varying background intensity, we measured the background intensity in close 

proximity to the stenosis and subtracted this value from both the proximal and distal signal 

intensity (Figure 1). The adjusted SIR reported in this study was termed FF (adjusted) and is 

calculated as:

In this study, we digitized the entire SONIA-WASID MRA film archive. We measured the 

SIR, adjusted for background, of the symptomatic artery in each case.

Analyses here included clinical variables (SBP, LDL, recency of symptoms), SIR (FF 

adjusted) below vs. above median, and invasive angiography measures (centrally measured 

luminal stenosis, TICI score of antegrade flow, collateral grade) to identify predictors of 

stroke in the territory (SIT). Univariate and multivariate Cox regression analyses were 

performed and hazard ratios (HR) with confidence intervals reported. Kaplan-Meier curves 

were compared with the log-rank test. P-value < 0.05 indicates statistical significance and no 

adjustment for multiplicity of comparisons was considered.

Results

297 MRA film datasets acquired at the time of SONIA subject enrollment from 1999-2003 

were located and subsequently digitized from hard film copies to DICOM files. A total of 

189 MRA cases of sufficient quality were available. Demographic data on this cohort have 

been previously reported and no differences were noted amongst those in this subset with 

respect to other subjects enrolled in SONIA. Baseline variables are displayed in Table 1. In 

univariate analysis (Table 2 and Figure 3), the hazard ratio (HR) (FFR < 0.9: FFR ≥ 0.9 for 

the symptomatic artery) for stroke in the territory of the stenotic artery was 5.2 (1.8, 15.3; 

p<0.001). In multivariate analysis correcting for baseline blood pressure, LDL, percent 

stenosis, recency of symptoms, TICI and downstream collaterals, the HR (FFR < 0.9: FFR ≥ 

0.9) for stroke in the territory of the stenotic artery was 10.9 (2.0, 58.9; p<0.001) (Table 2). 

Only collaterals also had a significant independent association with stroke risk, HR 13.8 

(3.4, 55.5; p<0.001). In the subset of patients with <70% stenosis, a SIR<0.9 maintained a 

significant association with recurrent stroke in the territory (p=0.006), with a 2-year event 
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rate of 17.3%, showing that even moderate stenoses can pose substantial ischemic risk. The 

results for patients with ≥70% stenosis showed a similar trend but were not statistically 

significant, possibly because of the small sample size of this subgroup.

Discussion

Our data suggest that fractional flow assessed by TOF-MRA SIR may be a useful 

noninvasive tool to identify high-risk intracranial lesions even in patients with moderate 

stenosis, and may be suitable for selection of high-risk patients for future clinical trials 

evaluating new therapies for ICAD.

Three NIH-funded multicenter trials of ICAD in the US have defined the research landscape 

of this disorder over the last 2 decades. The Stroke Outcomes and Neuroimaging of 

Intracranial Atherosclerosis (SONIA) trial revealed that magnetic resonance angiography 

(MRA) and other noninvasive techniques are sensitive but not specific tests for identifying 

disease.[15] The Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial showed 

aspirin to be as effective and safer than warfarin for patients with ICAD measured by 

50-99% maximal stenosis.[1] The SAMMPRIS trial enrolled patients with 70-99% stenoses 

only and showed that aggressive medical therapy was superior to Wingspan stenting.[2] 

Because the 1- year rate of stroke in the medical arm of SAMMPRIS was still 12.2%,[16] 

this suggests that there are patients with ICAD who have a very high risk of stroke despite 

aggressive medical therapy. Currently there are no reliable imaging techniques to identify 

those patients. Our data suggest that TOF-MRA SIR may be a powerful predictor of 

recurrent stroke in the territory and that hemodynamic predictors such as SIR may allow 

stroke risk stratification across a wide range of lesion severity, including moderate levels of 

stenosis.

The experience with coronary artery disease illustrates that percent stenosis is not an optimal 

marker for identifying disease of physiological significance. Noninvasive methods to 

measure coronary FFR have also been introduced using CTA.[9, 10] Computational fluid 

dynamics (CFD) of noninvasive CTA can determine FFR.

While severity of stenosis may have different predictive value in the cerebral circulation 

than it does in the coronary tree, it is also possible that there are better predictors of stroke 

risk than severity of stenosis (as measured by percent stenosis). In WASID, a retrospective 

analysis suggested that impaired collaterals on angiography may be a better predictor of 

stroke in the territory than percent stenosis, suggesting that impaired hemodynamics related 

to a stenosis may be the key prognostic factor. The current study using TOF MRA also 

suggests a strong relationship between impaired hemodynamics related to an intracranial 

stenosis and increased stroke risk and, if confirmed in subsequent studies, will enable the 

identification of hjgh-risk patients with a relatively simple non-invasive technique. 

Additional information from future MRA strategies with respect to collateral status could 

yield a combined noninvasive algorithm to predict recurrent stroke risk.

Our study has limitations. The MRAs analyzed here were not digital but collected on film, 

potentially leading to suboptimal measurement. Only studies of sufficient quality could be 

Liebeskind et al. Page 4

J Neuroimaging. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



used for this study, representing selection bias. Sufficient quality was determined by the 

availability of maximum-intensity projections that incorporated the lesion, including 

proximal and distal vessel segments, in the field of view. Placement of ROI and the view 

chosen for measurement are subjective. However, such subjectivity is commonly 

encountered in routine imaging measurements in cerebrovascular patients. This includes 

placement of sampling volume in carotid ultrasound, probe “angle” in blind transcranial 

Doppler ultrasound, locating the normal reference segments on DSA of distal or proximal 

vessels in NASCET calculations of carotid percent stenosis or WASID measurements of 

intracranial stenosis. In addition, signal intensity is affected by other factors such as vessel 

diameter and turbulence. We utilized measurements at arterial locations between branch 

points in vessels where the vast majority of all vessel diameter changes take place, in order 

to minimize this factor. Prospective validation in other datasets is needed. Despite these 

limitations, the acceptable intra- and inter-observer variability of this technique and the 

strong correlation of SIR with a clinical endpoint suggests that it is an imaging parameter of 

potential value.

This study using TOF MRA suggests a strong relationship between impaired hemodynamics 

related to an intracranial stenosis and increased stroke risk and, if confirmed in subsequent 

studies, will enable the identification of hjgh-risk patients with a relatively simple non-

invasive technique.
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Figure 1. 
Illustration of placement of regions of interest proximal and distal to a stenosis and potential 

areas of background measurement.
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Figure 2. 
Kaplan-Meier plot for recurrent stroke in the territory for SIR above and below the median.
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Table 1

Patient characteristics.

Baseline Characteristic Total n=189
N (%)

FF adjusted
Mean ± SD
Median
Range
IQR

0.89 ± 0.28
0.90
0.29 – 2.61
0.74 – 1.03

FF adjusted
FF adjusted >= 0.9
FF adjusted < 0.9

95 (50.3)
94 (49.7)

Percent Stenosis
Stenosis < 70
Stenosis >=70

n = 188
123 (65.4)
65 (34.6)

TICI
TICI 1/2a/2b
TICI 3

n = 155
30 (19.4)
125 (80.6)

Collateral
None or Complete (delayed or early)
Marginal or Partial

n = 114
96 (84.2)
18 (15.8)

Symptoms within 17 days
from enrollment
Symptoms <=17 days
Symptoms > 17 days

101 (53.4)
88 (46.6)

Systolic Blood Pressure
SBP >=140
SBP < 140

106 (56.1)
83 (43.9)

LDL Cholesterol
LDL < 100
LDL >= 100

n = 164
44 (26.8)
120 (73.2)
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Table 2

Univariate and multivariate analysis for prediction of recurrent stroke in the territory.

Univariate
HR (95%CI) P

Multivariate
HR (95% CI) P

FFadj >=0.9
FFadj <0.9

1.00
5.2 (1.8,15.3) <0.001

1.00
10.9 (2.0,58.9) <0.001

%stenosis <70
%stenosis >=70

1.00
2.3 (1.01,5.2)

0.048 1.00
1.5 (0.5,4.6)

0.51

TICI 1/2a/2b
TICI 3

1.00
0.5 (0.2,1.4)

0.20 1.00
2.0 (0.5,8.6)

0.33

Collateral no or
complete
Marginal or partial

1.00
8.5 (3.0,23.5)

<0.001 1.00
13.8 (3.4,55.5)

<0.001

Symptoms <=17
days
Symptoms > 17 days

1.00
1.4 (0.6,3.2)

0.42 1.00
1.04 (0.3, 3.4)

0.95

SBP >=140mm Hg
SBP <140mm Hg

1.00
1.1 (0.5,2.5)

0.83 1.00
0.4 (0.1,1.4)

0.16

LDL <100
LDL >=100

1.00
1.3 (0.4,4.0)

0.62 1.00
1.3 (0.3,6.3)

0.75
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