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Introduction

	 The prevalence of Peripheral Vascular Disease (PVD) continues to 
increase, is a major cause of morbidity and mortality and poses a sig-
nificant financial burden on health care systems [1-3]. Treatment op-
tions are based upon the presence and severity of symptoms, evidence 
of rest pain and/or non-healing ulcers or gangrene and clinical tests to 
evaluate disease severity [4]. Revascularization, either with surgical 
bypass or Peripheral Vascular Intervention (PVI), reduces symptoms 
in those with intermittent claudication and improves wound healing 
in those with critical limb ischemia if applied to flow limiting lesions 
[5,6]. Evaluating the severity of lesions in peripheral arteries can be 
challenging due to lesion eccentricity, adjacent vessel calcification 
and imaging artifacts [7]. Conventional imaging techniques include 
arterial duplex ultrasound, Computed Tomographic Angiography 
(CTA), and Digital Subtraction Angiography (DSA). These methods 
are useful for anatomic assessment but cannot determine the function-
al significance of lesions. Invasive measurement of trans-lesion pres-
sure drop can provide functional hemodynamic information, but it is 
under-utilized due to the risk, complexity, and cost [7]. Therefore, a 
non-invasive method for evaluation of the hemodynamic significance 
of lesions can potentially improve diagnosis and treatment planning 
in patients with PVD. Image-based computational modeling of blood 
flow has shown to be a powerful tool to extract relevant hemodynam-
ic information from non-invasive medical image data such as CTA. 
For example, the FFRCT method has recently emerged as the de 
facto standard to non-invasively compute coronary Fractional Flow 
Reserve (FFR) and has demonstrated high diagnostic performance 
against invasive FFR measurement for identification of patients with 
coronary lesions causing ischemia [8-10].

	 In this pilot study, we evaluate the sensitivity, specificity and accu-
racy of a non-invasive method based on image-based Computational 
Fluid Dynamic (CFD) simulation, integrating anatomical, physio-
logical and hemodynamic information, as a novel tool to determine 
if peripheral arteries lesions are hemodynamically significant and to 
estimate the number of patients needed for a properly sized validation 
study. The diagnostic performance of this method is evaluated against 
visual assessment of invasive DSA imaging.
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Abstract
Background: Evaluating the severity of peripheral artery lesions is 
challenging. Image-based blood flow modeling from peripheral Com-
puted Tomographic Angiography (pCTA) may provide a non-invasive 
method to determine the hemodynamic significance of lesions. This 
pilot study evaluates the performance of pCTA-based blood flow 
modeling in diagnosing functionally significant peripheral lesions in 
comparison with Digital Subtraction Angiography (DSA).

Methods: Ten patients undergoing DSA and pCTA were included. 
The peripheral arteries were divided into 8 segments per extremity 
and stenosis severity was graded by visual estimation from DSA. 
Each segment was graded 0 to IV (normal, mildly-stenotic, moder-
ately-stenotic, severely-stenotic, occluded) or non-evaluable. Inde-
pendent from DSA review, a Resting Pressure Drop (RPD) and an 
Exercise Pressure Drop (ExPD) for each segment was calculated 
from pCTA-based blood flow modeling. A functionally significant (FS) 
lesion was defined as grade III or IV by DSA and RPD > 5 mmHg 
from pCTA-based modeling. Analysis was repeated with an ExPD > 
20 mmHg. Sensitivity, specificity and accuracy were calculated for 
RPD > 5 mmHg and ExPD > 20 mmHg using DSA as the standard. 

Results: Mean age was 52±16 years, 4 patients were male, 8 pa-
tients presented with critical limb ischemia, mean ankle brachial 

index was 0.60±0.29, and 66 arterial segments were available for 
both assessment methods. Twenty-two segments had FS lesions by 
DSA. Using an RPD > 5 mmHg, sensitivity was 80%, specificity was 
85% and accuracy was 79%. Using an ExPD > 20 mmHg, sensitivity 
was 84%, specificity was 89% and accuracy was 88%.

Conclusion: Use of a resting pressure drop > 5 mmHg and an ex-
ercise pressure drop > 20 mmHg, measured by blood flow modeling 
from CT angiography, can accurately identify functionally significant 
stenosis in patients with peripheral vascular disease. This informa-
tion motivates the need for a larger-scale prospective imaging trial to 
further validate this novel non-invasive approach.
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Methods
	 From January 2019 to February 2020, 212 patients undergoing 
lower extremity DSA for clinical indications at Los Angeles County 
USC Medical Center were identified from the Cardiac Catheteriza-
tion Laboratory database. All patients had critical limb ischemia or 
intermittent claudication and were referred for peripheral CTA and 
DSA as part of their routine clinical care. Peripheral CTA was done 
prior to elective DSA in all patients. Only patients having peripheral 
CTA within 20 days of the DSA were included, yielding 10 patients. 
This retrospective study was approved by waiver of consent by the 
Institutional Review Board at USC. Independent research personnel 
blinded to the objectives of the study obtained all the pre-specified 
demographics and variables. Variables were entered into a dedicated 
study database for analysis.

	 For both DSA and peripheral CTA data sets, the peripheral arteries 
were divided into 8 segments per extremity (common iliac, external 
iliac, common femoral, superficial femoral, popliteal, anterior tibi-
al, posterior tibial and peroneal arteries). For DSA, stenosis severity 
was graded by visual estimation as normal (grade 0), mildly stenot-
ic (grade I), moderately stenotic (grade II), severely stenotic (grade 
III) or occluded (grade IV). If a segment could not be appropriately 
visualized, it was not analyzed for stenosis severity and was classi-
fied as nonevaluable. An investigator (MM) blinded to the results of 
DSA calculated a Resting Pressure Drop (RPD) and Exercise Pressure 
Drop (ExPD) for each segment from image-based blood flow model-
ing described below.

	 Figure 1 shows the standard steps for image-based modeling of 
blood flow in a representative patient. SimVascular was used to con-
struct an image-based computer model of the peripheral arteries by 
creating paths along each vascular segment and segmenting the lu-
men along each path (Figure 1, panel 2) resulting in 3D computer 
model (Figure 1, panel 3) [11]. Steady state blood flow and pressure 
were modeled according to the reduced order modeling procedure de-
scribed in [12], which considers various sources of pressure losses in 
vascular domains including turbulence in stenotic lesions. This pro-
cedure required specification of a constant flow rate at the model inlet 
and resistance boundary conditions at the model outlets. The inflow 
rate was estimated as a fraction of each patient’s cardiac output (𝑄𝑖𝑛 = 
𝛼 × cardiac output, 𝛼<1). The cardiac output was approximated form 
a recent study [13]: cardiac output = 2.4 × body surface area. The 
value of 𝛼 is defined based on in vivo flow measurements. Namely, it 
was assumed that roughly 2/3 of cardiac output reaches the suprace-
liac aorta [14], from which approximately 30% goes to the infrarenal 
aorta [15], resulting in an 𝛼 ≈ 0.2 . Resistance values were set so that 
computed mean blood pressure at the inlet matched clinical target val-
ues.

	 The degree to which a lesion is flow limiting depends on the flow 
rate itself; i.e., pressure drop is a function of not only lumen reduction 
but also flow rate. Generally, peripheral flow is maximal during exer-
cise, therefore we aimed to estimate hemodynamic significance based 
on a simulated exercise condition in addition to a nominal resting 
condition. For this purpose, we assumed cardiac output increased due 
to change in heart rate and stroke volume (i.e., cardiac output = stroke 
volume × heart rate). Exercise heart rate was approximated by HR𝑒𝑥. 
= 0.85 (220 - age), and the left ventricular stroke volume index (ml/
m2 ) changed based on age according to Ref. [16]. The increase in di-
astolic and systolic pressure due to exercise was approximated based 
on age and gender for each patient according to Ref. [17].

	 The computed pressure fields enabled assessment of pressure re-
duction through each artery or arterial segment. In order to isolate 
the effect of disease, we differentiated how much pressure reduction 
occurred due to disease versus ordinary pressure reduction occurring 
in the absence of disease. This was accomplished by first construct-
ing a 3D computer model of the arteries from the image data. This 
model was considered the “source model”. A corresponding “bench-
mark model” was created by replacing stenotic (diseased) segments 
with idealized segments. Blood flow and pressure were simulated in 
the benchmark model using the methods described above to compute 
reference pressure drops. An “assay model” was then generated by 
replacing an idealized artery (or arteries) of interest in the benchmark 
model with the actual stenotic geometry of the artery (or arteries) 
from the source model, and then recomputing pressure drops. Ref-
erence pressure drops calculated from the benchmark model were 
differenced from the pressure drops computed from the assay model. 
This was performed for both rest and exercise conditions. A cutoff 
value for the deviation in RPD and ExPD between the benchmark 
and assay models was used to classify the functional significance of 
a diseased artery (or arteries). An in-house Python framework was 
developed to automate the whole computational procedure described 
above. The results of this procedure are presented in Figure 2 for the 
representative patient-specific model shown in Figure 1.

Figure 1: Image-based modeling procedure. A vascular model is con-
structed by segmenting the peripheral arteries from a computed tomo-
graphic angiography image volume. Computational fluid dynamics are 
used to compute flow and pressure throughout the model.

Figure 2: Representative modeling results. Pressure drops are computed 
in a source model representing the in-vivo conditions (left). Pressure drops 
are computed in benchmark model in which all stenotic segments are vir-
tually corrected (middle left). Pressure drops computed in an assay model 
(middle right), which re-introduces disease segment(s) of interest to the 
benchmark model. By comparing the pressure drops between the assay 
model and benchmark model, the functional significance of the diseased 
segment(s) of interest can be evaluated.
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	 A functionally significant (FS) lesion was defined as grade III or 
IV by DSA. From peripheral image-based blood flow modeling, a FS 
lesion was defined as an RPD > 5 mmHg. Analysis were repeated de-
fining a FS lesion as an ExPD > 20 mmHg. Categorical variables are 
standard±presented as number and percentage. Continuous variables 
are presented as mean  deviation. Sensitivity, specificity and accuracy 
were determined using an RPD > 5 mmHg and an ExPD > 20 mmHg 
assuming visual classification by DSA as the standard.

Results
	 Ten patients with symptomatic PVD were evaluated with both 
peripheral CTA and DSA (Table 1). Mean age was 52 ± 16 years, 4 
were male, 8 presented with critical limb ischemia and 2 presented 
with intermittent claudication. There was a high prevalence of diabe-
tes mellitus (50%), hypertension (60%) and chronic kidney disease 
(50%). Mean ankle brachial index was 0.60±0.29. Sixty-six segments 
were evaluable by both imaging methods.

	 Twenty segments (30%) were classified as FS and forty-six seg-
ments (70%) were classified as not FS by DSA assessment. Using 
an RPD > 5 mmHg, sensitivity was 80%, specificity was 85% and 
accuracy was 79% (Table 2). Using an ExPD > 20 mm Hg, sensitivity 
was 84%, specificity was 89% and accuracy was 88%.

	 Segmentation of the peripheral arteries from the CTA and geomet-
ric model construction (steps 1-3 in Figure 1) took 196 ± 24 minutes. 
Automated generation of the reduced order model, calculations of 
pressure drop and determining functional significance took 134 ± 36 
seconds on a 3.2 GHz Quad-Core Intel Core i5 notebook computer.

Discussion

	 In the current study, we evaluated a novel, non-invasive method 
to evaluate the functional significance of lesions within the peripheral 
vasculature. We found relatively high diagnostic accuracy using both 
resting and exercise pressure drops. These findings have implications  

for the treatment of PVD if they can be replicated in a larger number 
of patients.

	 Physiologic lesion assessment in the coronary vasculature is well 
validated and widely accepted into routine clinical practice [18]. The 
traditional approach requires the use of a 0.014- inch wire that is 
placed distal to the lesion, measurement of a resting drop and then 
use of medications to induce maximal hyperemia. A FFR value of 
0.8 or less under hyperemia identifies a coronary lesion with a high 
likelihood of causing ischemia. This methodology is based upon a 
pressure-derived index of the maximal achievable myocardial blood 
flow in the presence of an epicardial stenosis. More recently, resting 
pressure indices using the instantaneous wave-Free Ratio (iFR) have 
been developed [19]. Rotational angiography alone, without the use 
of a pressure wire or medications to induce maximal hyperemia, have 
also been developed and are referred to as virtual FFR [20]. More 
relevant to the current study is the use of CT data sets to estimate FFR, 
referred to as CT-derived FFR, FFRCT [21].

	 Similar to coronary disease, the ability to accurately assess the 
functional significance of peripheral vascular lesions can have rele-
vance for pre-procedural planning. Surgical bypass or PVI could then 
be targeted to only those lesions that are hemodynamically signifi-
cant.

	 Currently, there are no standardized methods or techniques to as-
sess the functional significance of lesions located in the peripheral 
vasculature. The measurement of pressure drops using catheters and/
or wires placed into the peripheral vasculature is cumbersome and 
time-consuming and therefore, is not routinely performed. However, 
our approach provides noninvasive measurements of pressure drops 
from CT images. Similar to FFRCT technique, the method that we 
proposed here is based on image-based blood flow modeling. How-
ever, to measure FFR it is assumed that the reference pressure drop 
in a non-diseased artery is negligible. This is generally not a valid 
assumption in extensive peripheral arteries (cf. benchmark model in 
Figure 2). Moreover, there is significant inter-patient and inter-seg-
ment variability in the amount of reference pressure drop in the pe-
ripheral arteries. A novelty of the presented framework is the ability 
to efficiently account for this effect by rapidly creating a benchmark 
model and computing pressures in that model and subsequently in 
the assay model for each patient to better elucidate the functional sig-
nificance of a lesion or abnormality. We also note that the number of 
simulations required to determine functional significance of N lesions 
is N+2 as two simulations are needed to compute pressure distribution 
in the source and benchmark models. This is prohibitively expensive 
using 3D CFD. However, the reducedorder modeling method em-
ployed here significantly reduces the cost of computation and enables 
this information in a more efficient and timely manner [12].

	 Because patient-specific flow rate measurements were not avail-
able in our study, we utilized population-based data to estimate an in-
frarenal aortic flow rate, and morphologybased laws to model down-
stream circulation at terminal arteries. If flow rate measurements were 
available, these data could be alternatively used. However, infrarenal 
aortic flow rate can vary considerably based on normal activities. Like 
coronary FFR, this can be moderated by simulating a hyperemic con-
dition; but data to support such modeling in PAD is currently sparse. 
Standardization of boundary conditions for testing hemodynamic sig-
nificance of lesions in PAD populations is ongoing.

	 We note that the FS RPD and ExPD cut points of 5 mmHg and 
20 mmHg, respectively, were not calibrated or set based on any 

Age, years, mean ± SD 52 ± 16

Gende  

Men 4 (40%)

Women  6 (60%)

Critical limb ischemia  8 (80%)

Hypertension 6 (60%)

Hyperlipidemia 2 (20%)

Diabetes mellitus  5 (50%)

Tobacco use 1 (10%)

Coronary artery disease 1 (10%)

Congestive heart failure 1 (10%)

Chronic kidney disease 5 (50%)

Ankle brachial index, mean ± SD 0.60 ± 0.29

Table 1: Patient demographics.

Sensitivity 
(%)

Sensitivity 
(%)

Accuracy (%)

Resting pressure drop > 5 mm Hg 80 85 79

Exercise pressure drop > 20 mm Hg 84 84 84

Table 2: Sensitivity, specificity and accuracy of blood flow modeling of 
peripheral computed tomography compared to digital subtraction angiog-
raphy.
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knowledge of FS classification from DSA. It is possible that more op-
timal cut points could be derived to produce higher sensitivity, speci-
ficity or accuracy for the given data. However, this was not performed 
as the data is too small to make such inferences. Moreover, such cut 
points would more ideally be based on not only on more data, but also 
on clinical outcome. Indeed, as has been demonstrated for coronary 
lesions, clinical outcome is better predicted by hemodynamics as-
sessment (e.g. FFR) than geometric assessment [22]. Indeed, it is ex-
pected that the methods herein could potentially identify functionally 
significant (or non-significant) lesions that would be misclassified by 
visual/angiographic assessment.

Limitations
	 There are several limitations for the current study. There were rel-
atively few patients included because of the protocol requirement for 
completion of both DSA and peripheral CTA within 20 days. More-
over, of the 10 patients included, peripheral CTA of both lower ex-
tremities was performed in only 2 patients. The limited number of 
patients undergoing imaging of both lower extremities reduced the 
number of segments evaluated by both imaging methods. The study 
population included only patients with symptomatic PVD with either 
intermittent claudication or critical limb ischemia. Therefore, these 
results cannot be applied to other patient groups, including asymp-
tomatic patients identified via screening questionnaires and/or screen-
ing ankle brachial index studies.

Conclusion
	 Use of a resting pressure drop greater than 5 mm Hg and an ex-
ercise pressure drop greater than 20 mm Hg measured by blood flow 
modeling from peripheral CTA accurately identifies FS stenosis in 
patients with PVD. This information will be useful to determine the 
number of patients needed for a prospective imaging trial to further 
validate this novel noninvasive approach.
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