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ABSTRACT
Background: Patients with Peripheral Artery Disease (PAD) undergoing lower-extremity revascularization are at

increased risk of death and Myocardial Infarction (MI) due to co-existing Coronary Artery Disease (CAD) which is

often unrecognized due to absence of chest pain symptoms. A new cardiac diagnostic test, coronary CT-derived

Fractional Flow Reserve (FFRCT), can identify patients with unsuspected (silent) coronary ischemia. We sought to

determine whether pre-operative diagnosis of silent coronary ischemia using FFRCT can facilitate multidisciplinary

care to reduce post-operative death and MI and improve survival of PAD patients.

Methods: Symptomatic PAD patients with no cardiac history or symptoms were enrolled in a prospective, open-label

study of coronary CTA and FFRCT testing before lower-extremity revascularization and were compared to historic

control patients with standard pre-operative cardiac evaluation and care. Lesion-specific coronary ischemia was

defined as FFRCT ≤ 0.80 distal to a coronary stenosis. Endpoints included Cardiovascular (CV) death, MI and all-

cause death through 1 year follow up.

Results: Baseline characteristics of the CTA-FFRCT (n=135) and Control (n=135) groups were similar with regard to

age (66 ± 8 years), gender, co-morbidities and indication for surgery (>80% for CLTI). CTA-FFRCT evaluation

revealed unsuspected (silent) coronary ischemia in 68% of patients and 40% of patients had elective post-operative

coronary revascularization (PCI in 47, CABG in 7). The status of coronary ischemia was unknown in Control

patients and none had elective coronary revascularization. At one year, CTA-FFRCT had fewer CV deaths (0.7% vs.

5.9%, p=0.04) and MIs (2.2% vs. 8.1%, p=0.03) and improved survival (99.3% vs. 94.1%, p=0.02) compared to

Control.

Conclusion: Pre-operative diagnosis of silent coronary ischemia in patients undergoing lower-extremity

revascularization surgery can identify high-risk patients and facilitate multi-disciplinary patient care with selective

post-operative coronary revascularization. This strategy reduced post-operative death and MI and improved one-year

survival compared to standard care.
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elective revascularization surgery were enrolled in a prospective, 
institutional ethics committee approved study of pre-operative
coronary CTA imaging with FFRCT analysis. After signing 
informed consent, standard coronary CTA imaging was 
performed in 135 patients with beta blockade for heart rate 
control and sublingual nitroglycerin for coronary vasodilation. 
CTA image datasets were sent via a secure web-based interface
for off-site computational analysis of FFRCT (Heart Flow, Inc., 
Redwood City, CA). Results were returned within 24 hours and 
were available to treating physicians for patient management 
decisions.

Coronary CTA imaging revealed ≥ 50% stenosis in 70% of 
patients. Despite extensive coronary calcification (median 
Agatston score 905, IQR 390-1674, total range 0-4810), FFRCT 
analysis was successful in 93% of patients. In 9 patients FFRCT 
analysis could not be performed because of poor CTA image 
quality or due to excessive cardiac motion or image 
misregistration artifacts. Lesion-specific coronary ischemia 
(FFRCT ≤ 0.80) was present in 2 of 3 patients (68%) with severe 
ischemia (FFRCT ≤ 0.75) in more than half of patients (53%). 
Multivessel ischemia was present in 38% with left main ischemia 
in 7%.

Management of PAD patients with silent coronary
ischemia

Results of protocol directed FFRCT analysis identified high-risk 
patients with unsuspected (silent) coronary ischemia but did not 
result in cancelation of scheduled lower-extremity 
revascularization in the majority of patients (96%). Limb-salvage 
surgery was performed in accord with current guidelines, driven 
by the pressing clinical need of critical limb ischemia in 86% of 
patients. Revascularization procedures were performed with 
cardiac anesthesia, continuous intra-operative monitoring and 
post-operative intensive care. There were no peri-operative 
deaths and all patients received optimal medical therapy 
following surgery. One patient had a MI on day 3 following 
aorto-femoral bypass and had successful emergency 
Percutaneous Coronary Intervention (PCI) with uneventful one-
year outcome. After recovery from surgery, patients with FFRCT 
evidence of significant silent coronary ischemia were selected for 
coronary angiography. Elective coronary revascularization was 
performed in 54 patients (63% of patients with silent ischemia, 
40% of entire group) with percutaneous coronary intervention 
(PCI) in 47 patients and coronary artery bypass grafting (CABG) 
in 7 patients.

Control group of PAD patients receiving standard
care

A group of 135 consecutive patients with no cardiac history or 
symptoms who underwent elective lower extremity 
revascularization surgery during the year immediately preceding 
initiation of the prospective study served as Controls. All 
patients met the inclusion and exclusion criteria of the 
prospective study and had undergone standard guideline-
directed pre-operative cardiac evaluation and post-operative care. 
The indication for surgery was CLTI in 82% of patients and 
revascularization was performed by the same team of 
experienced vascular surgeons, anesthesiologists, medical staff
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INTRODUCTION
Patients with symptomatic Peripheral Arterial Disease (PAD) 
have poor long-term survival due to co-existing Coronary Artery 
Disease (CAD) which is often unsuspected due to patients’ 
inability to walk and absence of chest pain symptoms [1]. 
Current guidelines recommend no pre-operative cardiac testing 
of PAD patients without cardiac symptoms since pre-operative 
coronary revascularization has not been shown to improve long-
term survival [2]. Thus, despite strong evidence that 
symptomatic PAD is a consistent and powerful independent 
predictor of peri-operative cardiac events and mortality, patients 
with no cardiac symptoms usually undergo peripheral vascular 
surgery with no knowledge of the extent and functional 
significance of CAD, leaving them at high risk for early and late 
cardiac events [3]. The mortality rate following lower-extremity 
revascularization is > 20% at one year and > 50% at five 
years which is higher than for symptomatic CAD and most 
cancers [3,4]. Moreover, this high mortality has not changed 
over the past 30 years despite significant improvements in 
medical and interventional therapy [5].

A new non-invasive cardiac diagnostic modality, coronary CT-
derived Fractional Flow Reserve (FFRCT) can identify patients 
with hemodynamically significant, ischemia-producing coronary
stenosis. FFRCT analysis utilizes anatomic information provided 
by standard coronary CT Angiography (CTA) imaging with 
mathematical modeling of coronary blood flow to compute 
Fractional Flow Reserve (FFR) values throughout the coronary 
tree. Prospective clinical trials have shown good correlation of
computed FFRCT to invasively measured FFR with accurate 
identification of patients with ischemia-producing coronary
stenosis [6]. The clinical usefulness of FFRCT in patients 
presenting with symptoms of CAD is well documented and
FFRCT analysis has been used to evaluate more than 75,000 
patients with suspected CAD in Europe, US, Canada and
Japan. However, the usefulness of FFRCT in patients presenting 
with symptoms of PAD needing surgery is unknown [7].

In 2017 we embarked on a prospective study of systematic pre-
operative evaluation of PAD patients using CTA and FFRCT to 
determine the prevalence of hemodynamically significant 
coronary artery stenosis in patients with no symptoms of CAD 
and to assess the usefulness of this information in patient 
management [8]. This article will highlight the findings of this 
study with a focus on the first peer-reviewed publication to show 
that pre-operative diagnosis of silent coronary ischemia using
FFRCT with selective post-operative coronary revascularization 
may reduce death and myocardial infarction and improve 
survival of PAD patients following lower-extremity 
revascularization compared to control patients receiving current 
standard-of-care [9].

MATERIALS AND METHODS

Pre-operative evaluation of PAD patients using CTA
and FFRct

Patients with symptomatic lower-extremity PAD and no cardiac 
symptoms who were admitted to the hospital and cleared for
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cardiac evaluation and care. This improvement in outcome may
have been due to an intensified focus on intra-operative and
post-operative medical care or to selective post-operative
coronary revascularization of patients with silent coronary
ischemia, or a combination of the two. It seems reasonable to
expect that if coronary revascularization was a significant
contributing factor, then the benefit should become increasingly
apparent with longer patient follow-up. In a recent report of 111
patients with CLTI and no known CAD, diagnosis of silent
coronary ischemia using FFRCT with selective post-operative
coronary revascularization resulted in improved two-year survival
compared to 120 concurrent CLTI patients receiving standard
peri-operative cardiac care (92% vs. 80%, p=0.02) [10].

This study is limited by the fact that it is a single-center,
nonrandomized study in a real-world setting and has the
potential for selection bias. While the results of this study are
promising, they are not generalizable and should be considered
hypothesis generating. Adequately powered, prospective,
multicenter controlled trials are needed to define the role of
CTA-FFRCT in the evaluation and treatment of patients with
PAD.

CONCLUSION
PAD patients undergoing elective lower-extremity
revascularization have a high prevalence (68%) of unsuspected
(silent) coronary ischemia. Pre-operative diagnosis of silent
coronary ischemia using coronary CTA and FFRCT can facilitate
multidisciplinary patient care with selective post-operative
coronary revascularization. This strategy reduced post-operative
death and MI and improved survival compared to PAD patients
receiving standard pre-operative evaluation and care. If
confirmed by future studies, this strategy may improve long-term
survival of patients with peripheral vascular disease.
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and critical care specialists as in the prospective study. All 
patients received optimal medical therapy following surgery and 
no patient had elective post-operative coronary angiography or 
coronary revascularization.

Comparison of CTA-FFRct to control

The CTA-FFRCT and Control groups were well-balanced 
regarding baseline characteristics with no statistically significant 
differences in age (66 ± 8 years), gender, comorbidities, pre-
operative ankle-brachial index or type of surgery performed. The 
one-year outcome of the two groups was compared using the 
following endpoints: Cardiovascular (CV) death, Myocardial 
Infarction (MI) and all-cause death (survival).

One year outcome

Cumulative results at one year revealed that patients in the
CTA-FFRCT group had fewer CV deaths (0.7% vs. 5.9%, 0.04), 
fewer MIs (2.2% vs. 8.1%, p=0.03) and improved survival (99%
vs. 94%, p=0.02) compared to the Control group. Cumulative 
survival of the two groups at one-year (Kaplan-Meier estimates) is 
shown in Figure 1.

Figure 1. One-year survival of PAD patients with pre-operative 
diagnosis of silent coronary ischemia using FFRCT with selective 
post-operative coronary revascularization (FFRCT) compared to 
PAD patients receiving standard pre-operative evaluation and 
post-operative care (Control).

RESULTS AND DISCUSSION
This study was the first to show the potential benefit of 
systematic pre-operative evaluation of PAD patients needing 
lower-extremity revascularization using coronary CTA and 
FFRCT analysis. This non-invasive assessment identified patients
with asymptomatic (silent) ischemia-producing coronary stenosis 
who are at high risk for adverse cardiac events and premature 
death. While this did not result in cancellation of necessary
limb-salvage surgery, results of FFRCT analysis allowed risk 
stratification of patients and facilitated multidisciplinary 
Vascular Team care with early cardiology involvement as 
recommended by guidelines [2]. This resulted in a significant 
reduction in CV death, MI and improved one year survival 
compared with historical controls with standard pre-operative
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