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A b s t r a c t

Trans-stenotic pressure gradient (TSPG) and fractional flow reserve (FFR) are well-validated hemodynamic indices to assess 
the ischemic severity of arterial stenoses. However, they have significant restrictions in practice due to invasiveness and high cost. 
Recently, a noninvasive assessment of FFR from computed tomography (CT) angiography has been well validated in evaluating 
functional coronary stenoses. We present a case of a 65-year-old woman with cerebral artery stenoses demonstrated by clinical 
symptoms, transcranial Doppler ultrasound and CT angiography, aiming to transplant the noninvasive functional diagnosis, for the 
first time, to cerebral artery stenoses and test a computational workflow of noninvasive TSPG and FFR.
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Introduction
Trans-stenotic pressure gradient (TSPG) and fraction-

al flow reserve (FFR) are two well-validated functional in-
dices to assess the ischemic severity of arterial stenoses 
[1–3]. They have been demonstrated as a promising tool 
to identify patients who would likely benefit from revas-
cularization [4–6]. However, TSPG and FFR measurement 
has significant restrictions in clinical practice due to its 
invasiveness and high cost.

A novel noninvasive assessment of FFR from anatom-
ic computed tomography (CT) angiography has been well 
validated in evaluating functional coronary stenoses [1–3]. 

The study aims to transplant the functional diagno-
sis, for the first time, to cerebral artery stenoses and de-
velop a noninvasive assessment of cerebral TSPG (TSPG

ni
) 

and FFR (FFR
ni
).

Case report
A 65-year-old woman who had symptoms of cerebral 

ischemia was recruited and gave written informed con-
sent. Approval was obtained from the ethical committees 
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of Tongji Hospital, Tongji University. Transcranial Doppler 
ultrasound and CT angiography were performed accord-
ing to a recognized protocol by two technicians who had 
at least 5 years’ vascular examination experience.

For the TSPG
ni
 and FFR

ni
 interpretation, all CT imag-

es were imported into Medical Imaging Control Software 
MIMICS10.0 where the posterior cerebral artery (PCA) 
was reconstructed. Three dimensional virtual arteries 
were then exported from MIMICS10.0 as a virtual real-
ity modeling file to the developed workflow. The inlets 
and outlets were defined according to the position from 
which the physiological data were recorded. The closed 
surface was “meshed” into approximately 1.2 million in-
ternal tetrahedra, in preparation for the computational 
fluid dynamics analysis. Measured flow data and univer-
sal central venous pressure were imported, processed, 
and applied to the inlet and outlet as boundary condi-
tions, and a definition file was created that fully specified 
the model for the computational fluid dynamics solver 
ANSYS13.0. This solved the unsteady momentum Navi-
er-Stokes and continuity equations with finite element 
analysis. TSPG

ni
 and FFR

ni
 were then calculated. An opti- 
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mization process was used to determine the microvascu-
lar resistance for the patient and we averaged the resis-
tance to produce a generic value applicable to the whole 
cohort. This approach demonstrated the most effectively 
predictive capability of the model with minimal person-
alized data.

Two-dimensional models of the PCA in transverse 
planes were reconstructed (Figure 1 A). 3D geometric 
models of the PCA were separated (Figure 1 B). Finite el-
ement computational fluid dynamics of ANSYS11.0 was 
applied to mesh the models. Thereafter, a well-defined 
mathematical model was obtained (Figure 1 C).

Cerebral TSPG
ni
 and FFR

ni
 were successfully computed. 

The peak systolic velocity (PSV) of the PCA was 117 cm/s 
(left) and 92 cm/s (right). Computed tomography angiog-
raphy images suggested that the level of stenoses in the 
PCA was 60% (left) and 15% (right). According to novel 
assessment, TSPG

ni
 and FFR

ni
 of the right side of the PCA 

were 31.6 mm Hg and 0.43. For the left side, they were 
59.2 mm Hg and 0.22 (Figure 2 A). The velocity distribu-
tion in the coronal plane indicated that the velocity re-
mained equal at the proximal and distal stenoses. How-
ever, it increased significantly from 1.5 m/s to 5.0 m/s at 
the site of stenoses (Figure 2 B). In addition, it showed 

Figure 1. Three-dimensional modeling and finite element analysis of posterior cerebral artery. A – Two-dimen-
sional model reconstruction of the transverse section through cerebral CT angiography. B – Three-dimensional 
geometric model was extracted from surrounding tissues. C – Geometric model was meshed with local refined 
tetrahedral finite element
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Figure 2. Anatomical obstruction of posterior cerebral artery with/without hemodynamic stenoses. A – CT an-
giography suggested mild stenoses (15%, red arrow) on the right side of the PCA and moderate stenoses (65%, 
blue arrow) on the left side. Cerebral TSPG

ni
 and FFR

ni
 of the right PCA were 31.6 mm Hg and 0.43; they were 

59.2 mm Hg and 0.22 for the left side. B – The velocity distribution in coronal section was computed. C – There 
are three transverse sections around the stenoses. The increase and offset of velocity were well simulated
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that the rate of blood flow increased obviously and cen-
tral speed shifted to the narrow (Figure 2 C).

Discussion
Digital subtraction angiography is still treated as a “gold 

standard” to evaluate “significant” cerebral artery steno- 
ses. However, drawbacks, such as invasiveness and lack 
of lesion-specific functional diagnosis, greatly limit its clini- 
cal worth [7–9]. A large number of clinical trials have proved 
the great value of TSPG and FFR, which are well-defined 
functional indices to evaluate the ischemic significance 
of artery stenoses [4–6]. Recently, the results of a series 
of international multicenter clinical trials suggested the 
highly diagnostic performance of a novel noninvasive 
FFR assessment from anatomic CT angiography (FFR

CT
) 

[1–3]. In the study concerning 159 vessels in 103 pa- 
tients, the diagnostic accuracy, sensitivity and specificity of 
FFR

CT
 were 84.3%, 87.9% and 82.2%, respectively. Area un-

der the receiver-operator characteristics curve (AUC) was  
0.90 [2]. From the results of another study carried out in 252 
stable patients from 17 centers in 5 countries, the diagnos-
tic accuracy, sensitivity and specificity of FFR

CT
 plus CT were 

73%, 90% and 54%. FFR
CT

 was associated with improved 
discrimination (AUC: 0.81; 95% CI: 0.75–0.86; p < 0.001) [1].

Our previous studies have successfully demonstrat-
ed a novel method computed from CT angiography to 
functionally evaluate the severity of vascular disease [3]. 

The study aims at investigating, for the first time, a non-
invasive approach to evaluate functional cerebral artery 
stenoses by TSPG

ni
 and FFR

ni
. The results for the left side 

of the PCA were 65% stenoses, PSV = 117 cm/s, TSPG
ni 

= 59.2 mm Hg, FFR
ni
 = 0.22, which suggested functional 

and anatomic moderate stenoses. For the right side, they 
were 15% stenoses, PSV = 92 cm/s, TSPG

ni
 = 31.6 mm Hg 

and FFR
ni
 = 0.43, respectively. From the results, the di-

agnostic performance of cerebral TSPG
ni
 and FFR

ni
 was 

generally consistent with the diagnosis of transcranial 
Doppler ultrasound and CT angiography.

Conclusions
This is the first study to introduce a novel noninva-

sive assessment of cerebral TSPGni and FFRni to evaluate 
“significant” cerebral artery stenoses and their hemody-
namics. It is therefore believed that the novel method 
might be potentially useful in evaluating the functional 
severity of cerebral ischemia and making clinical deci-
sions of revascularization. Although the diagnostic per-
formance is limited due to the small sample and lack of 
in vivo values of TSPG and FFR, the results are encour-
aging and the model will now be optimized with greater 
patient numbers and invasive values analysis.
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