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ARTICLE INFO ABSTRACT
Keywords: Background: Fractional flow reserve is widely used for the functional evaluation of coronary artery
Fractional flow reserve stenosis. Some studies have similarly used the translesional pressure ratio measurements for the

Pressure ratio functional evaluation of intracranial atherosclerotic stenosis. In this paper, we aimed to investi-

gate the relationship between pressure ratio and cerebral tissue perfusion by MR perfusion im-
aging and provided a non-invasive method for evaluating the functional significance of
intracranial atherosclerotic stenosis.

Methods: A total of 18 consecutive patients with intracranial atherosclerotic stenosis patients
including 19 stenotic vessels were recruited. The pressure was measured using a pressure
guidewire, the pressure ratio before and after the endovascular intervention was calculated and
compared with the severity of diameter stenosis and perfusion-derived MR (the time to maximum
tissure residue function (Tmax)). Moreover, the DSA-derived pressure ratio was computed using a
novel computational fluid dynamics-based model, termed CFD-PR, and was compared with the
actual pressure ratio to assess its diagnostic accuracy.

Results: The pressure ratio increased after percutaneous transluminal angioplasty or stenting,
while the correlation between pressure ratio and diameter stenosis was not significant. The
pressure ratio was negatively correlated with Tmax (r = —0.73, P < 0.01), and a 95% confidence
interval for the cutoff value of pressure ratio = 0.67 (95% confidence interval: 0.58-0.76) was
suggested. There was a good correlation (mean = 0.02, Spearman’s correlation coefficient r =
0.908, P < 0.001) and agreement (limits of agreement: -0.157 to 0.196, P = 0.954) between CFD-
PR and the actual pressure ratio.

Intracranial atherosclerotic stenosis
Computational fluid dynamics
Cerebral ischemia

Abbreviations: CFD, computational fluid dynamics; DSA, digital subtraction angiography; ICAS, intracranional flow reserve; FFR, fractional flow
reserve; PCI, percutaneous coronary intervention; PR, pressure ratio; PTA, the percutaneous transluminal angioplasty; Tmax, the time to maximum
tissue residue function.
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Conclusions: This exploratory study indicates the pressure ratio may correlate with the perfusion
status. The pressure ratio can be calculated through a non-invasive method using a computational
fluid dynamics-based method.

1. Introduction

Stroke is the second leading cause of death and a major cause of disability worldwide, and the most common cause of death in China
[1]. Over two-thirds of these patients have ischemic strokes. Intracranial atherosclerotic stenosis (ICAS) is one of the major causes of
ischemic stroke, especially in the Asian population, with a proportion of 30-50% [2]. Results from two randomized controlled studies
showed that high-risk patients with severe stenosis (70-99%) had a 9-12% annual risk of recurrent stroke [3,4]. The recommended
first-line treatment for the prevention of recurrent stroke with ICAS is medical management, including antiplatelet therapy, control of
risk factors, and lifestyle adjustment. However, even with aggressive medical treatment, symptomatic ICAS patients with severe
stenosis are still at high risk of stroke. Thus, intervention is an important treatment alternative for these patients [5-7]. Some clinical
studies have demonstrated the short-term efficacy of endovascular stenting in severe symptomatic ICAS patients, although its effe-
cicacy is still controversial [8-10].

The indications for intervention are determined by the extent and severity of anatomical stenosis [11], but these can not accurately
reflect the hemodynamic status [12]. Perfusion status is another important reference for intervention. Perfusion-derived MR (the time
to maximum tissure residue function (Tmax)) is widely used in defining tissue at risk of infarction in the setting of ischemic stroke.
Tmax>6 s is the threshold for identification of penumbral tissue, and the volume of a penumbra of >15 ml has been recognized as the
threshold to perform endovascular therapy for ischemic stroke caused by large vessel occlusion [13,14], and the value of which in ICAS
is currently being assessed. In patients with anterior circulation ICAS, this threshold has been associated with higher rates of
neurological deterioration [15-17], suggesting that aggressive treatment for ICAS patients with Tmax>6 s may benefit their prognosis.
It is urgent to develop an accurate indicator, including hemodynamic parameters and collateral circulation evaluation, to guide
endovascular treatment for ICAS.

Fractional flow reserve (FFR) was first proposed by Pijls [18] and has been widely used in the functional assessment of coronary
artery stenosis. The coronary FFR is defined as the ratio of maximum blood flow during hyperemia distal to a stenotic lesion to normal
maximum flow during hyperemia in the same vessel. Several randomized controlled trials have confirmed that FFR-guided percuta-
neous coronary intervention (PCI) can effectively improve the prognosis of patients, and FFR<0.8 was determined as the threshold for
intervention [19,20]. Preliminary studies suggested that a similar concept, the translesional pressure ratio (PR) measurements can be
applied to cerebral ischemia in ICAS [21-24]. Because the cerebrovascular PR is not the same as the coronary FFR value during
hyperemic conditions, it may have weaker correlation with the hemodynamic significance of the lesion. This limitation, as well as the
potential complications caused by pressure wire measurement, hindered the popularization of PR in cerebrovascular stenosis.

Computational fluid dynamics (CFD) has been reported to be used to estimate FFR [25-27]. It is used to solve the governing
equations of hydromechanics through computer and numerical methods and to simulate and analyze hydromechanical problems [27].
In this study, we measured the actual PR with a pressure wire, analyzed the correlation of PR with the severity of stenosis and perfusion
status, and attempted to apply CFD to estimate PR in patients with ICAS.

2. Methods
2.1. Study population

Eighteen consecutive patients with symptomatic ICAS considered as potential candidates for endovascular intervention were
recruited between May and September 2021. They received dual aspirin 100 mg and clopidogrel 75 mg for at least 3 days before the
intervention. CT scans were performed immediately after the intervention to rule out intracerebral hemorrhage. Then patients were on
aspirin 100 mg and clopidogrel 75 mg once daily for at least three months after stenting, and then swiched to aspirin 100 mg alone for
at least one year.

All patients underwent diffusion-perfusion MRI analysis, digital subtraction angiography (DSA) and PR measurements. The final
decision on endovascular intervention (percutaneous transluminal angioplasty and/or stenting) was based on the patients’ symp-
tomatology, anatomical severity of the stenosis, and the perfusion status.

Exclusion criteria included extracranial stenosis, aneurysm proximal to or distal to the stenotic intracranial artery, a possible
nonatherosclerotic cause such as atrial fibrillation or arteritis. This study was approved by the Medical Ethics Committee of Zhejiang
Hospital and informed consent of the patients was available.

2.2. Intracranial arterial stenosis measurement
The severity of diameter stenosis was calculated in DSA imaging with 3D rotational angiography according to WASID criteria:

diameter stenosis = [(1-(Dstenosis/Dnormal))] X 100%, where Dgtenosis is the diameter of the artery at the site of the most severe degree of
stenosis and Dyormq is the diameter of the proximal normal artery [11].



M. Wang et al. Heliyon 9 (2023) e13527

2.3. Direct pressure ratio (PR) measurement

Direct PR was measured as described previously [22]. PR was used as a reference for intervention when the degree of stenosis was
inconsistent with symptoms or perfusion status. A pressure wire (0.014 inches, PressureWire Certus, St. Jude Medical Inc, USA) was
advanced through a 6-Fr guiding catheter to the petrous segment for the ICA system stenosis or the foraminal segment for the
vertebral-basilar artery system stenosis, where the mean arterial pressure was measured as Pa. The pressure wire then traversed the
stenosis. The mean arterial pressure distal to the stenosis was measured as Pd. PR was calculated as the ratio of Pd to Pa [21] (PR =
Pd/Pa). After the percutaneous transluminal angioplasty (PTA) or stenting, PR was re-measured to check the effect of the intervention.

2.4. Perfusion analysis

All patients who underwent diffusion-perfusion MRI were analyzed with RAPID software (iSchemaView, Menlo Park, CA). The time
to maximum tissure residue function (Tmax) is a perfusion parameter used in MRI perfusion here, reflecting the time delay between the
contrast bolus arriving in the cerebral proximal large arterial circulation and the brain parenchyma [28]. It was analyzed to assess the
perfusion status.

2.5. CFD-PR analysis

The software prototype AccuFFicas (ArteryFlow Technology, Hangzhou, China) was used to calculate PR values for the enrolled
patients. AccuFFicas was first used for 3D reconstruction of intracranial artery stenosis (Fig. 1 A-D) using the DSA DICOM image series.
The vessel model was then reconstructed based on the level set segmentation method [29], which is a robust approach and has been
applied widely in the area of medical image segmentation [30].Each case had more than 1 million volume elements containing
hexahedra (hex) and split-hexahedra (split-hex) elements. The mesh-independence analysis was done for a patient with a diameter
stenosis of 80%. Four meshes with different maximum mesh sizes (0.1 mm, 0.16 mm, 0.2 mm and 0.25 mm) were used to calculate
CFD-PR. The CFD-PR value changed in the opposite trend to mesh size and became stable when the mesh size decreased to 0.16 mm.
Blood was considered as Newtonian fluid without regard to energy equations and gravity. The basic equation governing the flow was
the incompressible Navier-Stokes equation and the laminar simulation was carried out in steady-state using the SIMPLE algorithm and
in-house solver. The viscosity coefficient of blood was constant, which was 0.0035 Paes, and the density was 1056 kg/m®. The
convergence criterion was 0.00001.

The patient-specific mean flow rate of the inlet boundary was calculated by combining DSA images and a 3D model, referring to the
TIMI frame count method commonly used in coronary stenosis research [31]. In most cases, the vessel model has only one outlet. Still,
when branches connect the stenosis segment, the outlets are modeled as an opening boundary condition with the flow rate propor-
tional to the cube of its diameter [32]. Since PR is calculated from actual blood pressure, the simulated relative pressure field needs to
be adjusted equivalently to calibrate the inlet pressure to be consistent with Pa. The description of the CFD method is summarized in
Supplementary Material 1.

2.6. Statistical analysis

Continuous variables were presented as means + standard deviation (S.D) and analyzed by the Shapiro-Wilk test. The Wilcoxon
Signed Rank Test was used to compare paired data. Categorical variables were presented as percentages. The correlation between the
percentage of diameter stenosis, Tmax and PR, and the correlation between PR and CFD-PR were analyzed by the Spearman’s cor-
relation test. The Bland-Altman method was used to analyze the agreement of diagnostic results between CFD-PR and PR. Statistical
significance was set at P < 0.05, and MedCal (MedCalc Software Inc, Belgium) was used for statistical analysis.

Fig. 1. 3D model reconstruction based on 3D angiography of intracranial arterial stenosis. A) DSA image of an intracranial arterial stenosis. B)
Segmented 3D intracranial arterial stenosis. C) Vascular meshing. D) Distribution of pressure ratio (PR) results obtained by computational fluid
dynamics analysis.
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3. Results
3.1. Patient characteristics and pressure measurement

Eighteen patients with 19 intracranial stenotic vessels were included. One patient had artery stenosis both in the right ICA C6
segment and left ICA C7 segment. The mean age was 63.2 + 11.6 years. There were 12 lesions in the middle cerebral artery M1

Table 1
Patients characteristics and pressure measurement.
NO  Symptom Site of Luminal stenosis Status Pressure DP PR
stenosis (diameter, %) wire
PP
1 Transient weakness of right hand L-M1 85 Preoperation 70 25 0.36
After Stenting 65 47 0.72
2 Weakness of left hand R-C6 95 Preoperation 79 36 0.46
After transluminal angioplasty 58 41 0.71
After Stenting NA NA NA
L-C7 66 Preoperation 104 79 0.76
After Stenting 82 68 0.83
3 Weakness of left limb R-M1 62 Preoperation 79 36 0.46
After transluminal angioplasty 76 63 0.83
After Stenting 78 67 0.86
4 Slurred speech L-M1 66 Preoperation 67 31 0.46
After transluminal angioplasty 67 42 0.63
After Stenting NA NA NA
5 Transient weakness of right hand L-M1 60 Preoperation (without 80 66 0.83
treatment)
6 Weakness of right limb L-M1 68 Preoperation 105 88 0.84
After Stenting NA NA NA
7 Weakness of left lower limb R-M1 45 Preoperation 88 47 0.53
After transluminal angioplasty 83 60 0.72
After Stenting 83 73 0.88
8 Weakness of left limb BA 48 Preoperation 86 74 0.86
After transluminal angioplasty 86 83 0.97
After Stenting NA NA NA
9 Weakness of left limb R-M1 76 Preoperation 67 40 0.6
After transluminal angioplasty 68 58 0.85
After Stenting NA NA NA
10 Weakness of left lower limb R-C7 43 Preoperation 76 27 0.36
After second transluminal 63 41 0.65
angioplasty
After Stenting 57 48 0.84
11 Syncope L-M1 75 Preoperation 77 34 0.44
After transluminal angioplasty 88 61 0.69
After Stenting NA NA NA
12 Weakness of right limb L-M1 45 Preoperation 29 16 0.55
After transluminal angioplasty 72 64 0.89
After Stenting NA NA NA
13 Unsteady walking and dizziness L-v4 75 Preoperation (without 94 91 0.97
treatment)
14 Weakness of left limb BA 60 Preoperation 87 36 0.41
After transluminal angioplasty 80 62 0.78
After Stenting 86 69 0.8
15 Decreased sensation in the right BA 80 Preoperation 52 15 0.29
limb
After transluminal angioplasty 38 35 0.92
After Stenting 25 24 0.96
16 Weakness of right limb and slurred L-M1 67 Preoperation 55 32 0.58
speech
After transluminal angioplasty 57 55 0.96
After Stenting NA NA NA
17 Lip numbness R-M1 72 Preoperation 60 19 0.32
After transluminal angioplasty 57 41 0.72
After Stenting 58 48 0.83
18 Decreased sensation in the right L-M1 78 Preoperation 72 48 0.67
limb
After transluminal angioplasty 65 51 0.78
After Stenting 63 51 0.81

BA: basilar artery, C: internal carotid artery, L: left, M: middle cerebral artery, R: right, V: vertebral artery.
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segment (M1), 3 lesions in the intracranial segment of ICA, 3 lesions in the basilar artery and 1 lesion in the vertebral artery V4
segment. Two patients did not receive intervention, as they had mild symptoms, good perfusion status and high PR value. Post-
interventinon PR was not measured in 8 patients, as it was difficult for the pressure wire to pass through the stent after the inter-
vention. The symptoms, severity of diameter stenosis, and PR were shown in Table 1. Although the invasive translesional PR mea-
surement with pressure wire is a high-risk operation, it is generally safe. In our study, no hemorrhagic or ischemic complication
occurred after the invasive translesional PR measurement in any patients.

3.2. PR increased after the intervention

PR was measured for all 19 vessels before intervention. Only the pre- and post-intervention PR value in treated stenotic arteries
were compared in this part, so the PR value were analyzed for 17 vessels before intervention, 14 vessels after percutaneous trans-
luminal angioplasty (PTA) and 9 vessels after stenting. PR increased after PTA and stenting (0.79 + 0.11 after PTA, 0.84 + 0.06 after
stenting versus 0.53 + 0.17 pre-intervention; P < 0.01, Fig. 2A).
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Fig. 2. Clinical application of PR in intracranial arterial stenosis. A) Scatterplot showing the value of PR increased from 0.53 + 0.17 preprocedually
to 0.79 + 0.11 after PTA, and 0.84 + 0.06 after stenting (P < 0.01). B) Scatterplot showing the relationship between PR and diameter stenosis (r =
—0.15, P = 0.55). C) Scatterplot showing PR was significantly negatively correlated with Tmax (r = —0.73, P < 0.01). When Tmax > 6 s was selected
as the intentional indication in our study, we got the cut-off PR value of 0.67 (95% CI: 0.58-0.76).
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4. PR was more closely correlated with tmax than with diameter stenosis

PR was more closely correlated with Tmax (r = —0.73, P < 0.01, Fig. 2C) than with diameter stenosis from DSA images (P > 0.05,
Fig. 2B). When Tmax>6 s was selected as the threshold for endovascular therapy in this study, we got the cut-off PR value of 0.67 (95%
confidence interval [CI]: 0.58-0.76).

4.1. Correlation and agreement between CFD-PR and PR

Due to incomplete data in some cases, 17 vessels with 27 CFD results in total were included in the analysis. Only 10 vessels had both
pre- and post-intervention CFD result, 6 vessels had only pre-intervention results, and 1 vessel had only post-intervention result. CFD-
PR values for each lesion were calculated and compared with PR values measured with pressure-wire. Good correlation (Spearman’s
correlation coefficient r = 0.908, P < 0.0001, 95% CI for r was 0.806-0.958, Fig. 3A) and agreement (limits of agreement: -0.157 to
0.196, P = 0.277, Fig. 3B) were found between CFD-PR and PR.

5. Discussion

Invasively measured coronary FFR has been developed as the gold standard for coronary intervention [33]. Some preliminary
studies proved it was feasible to apply a similar concept to evaluate cerebral ischemia in ICAS [21-23]. The cerebrovascular PR re-
sembles the coronary pressure ratio (Pd/Pa) in resting conditions, as intracranial arteries can not reach the level of maximal vaso-
dilation like coronary artery [33]. The hemodynamic correlation of coronary artery stenosis has been studied using an adenosine-free
method. The Receiver Operating Characteristic (ROC) analysis showed that the optimal Pd/Pa truncation value with FFR<0.80 was
<0.92 (AUC 0.87) [34-37]. Pa/Pd can partially replace the use of FFR to reduce the administration of adenosine, but further
confirmation and clinical evaluation in large prospective follow-up studies are required. For intracranial stenosis, instant flow reserve
without adenosine infusion can help to identify lesions requiring treatment and prevent the tendency to overtreat a lesion that is not
physiologically significant [38].
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Fig. 3. Good correlation and agreement between CFD-PR and actual PR. A) Correlation between CFD-PR measurement and AccuFFRicas (r = 0.96,
p < 0.0001). B) Agreement between CFD-PR measurement and AccuFFRicas values (limits of agreement: -0.151 to 0.149, P = 0.954).
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The correlation between the diameter stenosis and PR is currently controversial. Miao et al. analyzed all pre- and post-
interventional data from 13 patients and found that PR had a modest correlation (r = —0.530, P = 0.001) with luminal stenosis.
However, the correlation with anterior or posterior circulation lesions was not significant when analyzed separately®®, While Li et al.
demonstrated that a negative correlation was found between PR and diameter stenosis (r = -0.371, P = 0.014) [39]. In our study, no
significant correlation was found between the pre-intervention diameter stenosis and PR. These inconsistent findings suggested that
the PR assessment has different manifestations at different sites of lesions. By distinguishing anterior and posterior circulation lesions,
or pre-Willisian and post-Willisian lesions, PR may have different correlations with anatomical stenosis of blood vessels.

As previously demonstrated, the coronary FFR was defined as the ratio of maximum blood flow during hyperemia distal to a
stenotic lesion to normal maximum flow during hyperemia in the same vessel [40]. Clinically, brain perfusion imaging examination is
widely applied to evaluate cerebral collateral blood and compensatory status. Recurrent ischemia is associated with delayed perfusion
in ICAS. The early results from the MyRIAD study found no significant association between distal perfusion on PWI (Tmax >4 s, with a
volume >5 ml) and recurrent ischemia [23,41]. However, a post hoc analysis of the MyRIAD study defined the abnormal perfusion as
Tmax >4 s, with a volume >10 ml, and found the associations with hypoperfusion and border zone infarct pattern, which may be
important predictors of early recurrent ischemia in ICAS [23]. Similarly, other studies found anterior circulation ICAS patients with
Tmax >6 s had higher rates of neurological deterioration [15-17]. Accordingly, we explored the correlation between PR and Tmax,
with Tmax is the abscissa, catergorized by Tmax values (<4s, 4-6s, 6-8s, 8-10s and >10s), and PR as the ordinate. We found a sig-
nificant negative correlation between them. From the linear correlation, if the value of 6 s for delay on Tmax was taken as the
threshold, we could get the cut-off value PR of 0.67 (95% CI: 0.58-0.76). The present study is an exploratory study and more studies
are needed to verify the sensitivity and specificity of this cut-off value, and large clinical trials will be performed to confirm its clinical
value.

Moreover, we have developed a novel method that allows fast computation of PR from DSA images without pressure wire mea-
surement. In this study, CFD-PR showed a good correlation (Spearman’s correlation coefficient r = 0.908, P < 0.001) and agreement
with actual PR. The mean value of the difference between the two methods was 0.00 and the offset was from -0.157 to 0.196, which
were acceptable compared with studies on FFR of coronary vessels [42]. Only two points were beyond the range of this interval. Based
on the CFD method, PR can be calculated quickly and accurately by reconstructing the intracranial artery stenosis model and using
CFD. Intracranial CFD-PR technology combines the advantages of intracranial DSA technology and PR technology to directly calculate
the PR values of all blood vessels from the perspective of the DSA image and evaluate the degree of cerebral stenosis from the
perspective of vascular structure and function. The advantage of CFD-PR is that it is entirely wire-free and does not require pressure
guides or machines. In addition, the application of CFD-PR does not require any change in the existing DSA image acquisition pro-
cedure or DSA image acquisition time, nor does it increase the amount of radiation received by patients.

There are several limitations of the present study. The readers should bear in mind the exploratory nature of this study, with some
limitations. A multi-centered study with high efficiency is needed to validate PR and the cut-off value. Patients with anterior or
posterior circulation lesions were all enrolled in this study, which may lead to statistical bias. So we conducted a subgroup analysis that
included M1 stenosis only and found a similar trend as our previous results (Supplementary Material 2). Even though, it is still
necessary to analyze differently anterior and posterior circulation lesions separately, especially pre-Willisian and post-Willisian le-
sions, for their different collateral flow. Follow-up data is required to evaluate the clinical value of the usage of PR to guide ICAS
treatment. Some patients received diffusion-perfusion MRI at the 6-month follow-up in this study, and we found Tmax decreased in
most patients after intervention (Supplementary Material 2). The sensitivity and specificity of PR should be evaluated, and a non-
invasive approach, such as CT-derived CFD-PR should be explored in further studies.

6. Conclusion
In summary, this exploratory study demonstrated that PR was more closely related to perfusion status than diameter stenosis in

ICAS. CFD-PR showed a good correlation and agreement with pressure wire-measured PR in our study with a limited number of
patients. The utility of PR and CFD-PR in evaluation of ICAS requires further studies.
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