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BACKGROUND Clinical outcomes following coronary computed tomography–derived fractional flow reserve (FFRCT)

testing in clinical practice are unknown.

OBJECTIVES This study sought to assess real-world clinical outcomes following a diagnostic strategy including first-

line coronary computed tomography angiography (CTA) with selective FFRCT testing.

METHODS The study reviewed the results of 3,674 consecutive patients with stable chest pain evaluated with CTA and

FFRCT testing to guide downstream management in patients with intermediate stenosis (30% to 70%). The composite

endpoint (all-cause death, myocardial infarction, hospitalization for unstable angina, and unplanned revascularization)

was determined in 4 patient groups: 1) CTA stenosis <30%, optimal medical treatment (OMT), and no additional testing;

2) FFRCT >0.80, OMT, no additional testing; 3) FFRCT #0.80, OMT, no additional testing; and 4) FFRCT #0.80, OMT, and

referral to invasive coronary angiography. Patients were followed for a median of 24 (range 8 to 41) months.

RESULTS FFRCT was available in 677 patients, and the test result was negative (>0.80) in 410 (61%) patients. In 75% of

the patients with FFRCT >0.80, maximum coronary stenosis was $50%. The cumulative incidence proportion (95%

confidence interval [CI]) of the composite endpoint at the end of follow-up was comparable in groups 1 (2.8%; 95% CI:

1.4% to 4.9%) and 2 (3.9%; 95% CI: 2.0% to 6.9%) (p ¼ 0.58) but was higher (when compared with group 1) in groups 3

(9.4%; p ¼ 0.04) and 4 (6.6%; p ¼ 0.08). Risk of myocardial infarction was lower in group 4 (1.3%) than in group 3

(8%; p < 0.001).

CONCLUSIONS In patients with intermediate-range coronary stenosis, FFRCT is effective in differentiating patients

who do not require further diagnostic testing or intervention (FFRCT >0.80) from higher-risk patients (FFRCT #0.80)

in whom further testing with invasive coronary angiography and possibly intervention may be needed. Further studies

assessing the risk and optimal management strategy in patients undergoing first-line CTA with selective FFRCT

testing are needed. (J Am Coll Cardiol 2018;72:2123–34) © 2018 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

CAD = coronary artery disease

CTA = computed tomography

angiography

FFRCT = coronary computed

tomography angiography–

derived fractional flow reserve

ICA = invasive coronary

angiography

LAD = left anterior descending

coronary artery

MI = myocardial infarction

MPI = myocardial perfusion

imaging

OMT = optimal medical

treatment
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C oronary computed tomography
angiography (CTA) can accurately
exclude the presence of coronary ar-

tery disease (CAD) in symptomatic patients.
A normal test result is associated with an
excellent prognosis with a long warranty
period, and thus obviates the need for addi-
tional coronary diagnostic evaluation (1,2).
However, coronary CTA is an anatomic test
and cannot determine the functional signifi-
cance of lesions. As such, it is often discor-
dant with measures of lesion-specific
ischemia determined by fractional flow
reserve (FFR), which is the established gold
standard for decision making in the catheter-
ization laboratory (3–5). Therefore, noninva-
sive strategies are needed to identify those
patients with CAD who may benefit from being
referred to the catheterization laboratory and those
who do not require any further testing.
SEE PAGE 2135
Coronary CTA-derived FFR (FFRCT) has high and
improved diagnostic performance when compared
with anatomical interpretation by coronary CTA alone
using measured FFR as the reference standard (4,5).
Recently, first-line coronary CTA with selective FFRCT

testing has been shown to have promise in guiding
downstream management of patients with CAD (6–9).
However, clinical outcome data in patients undergo-
ing CTA testing with FFRCT guidance are sparse.
Therefore, the purpose of this study was to assess
clinical outcomes and safety utilizing a diagnostic
strategy including first-line coronary CTA and
selective FFRCT testing in real-world patients with
suspected stable CAD.

METHODS

This is a single-center observational all-comer study
of symptomatic patients undergoing nonemergent
CTA for suspected CAD with subsequent FFRCT

testing at Aarhus University Hospital (Denmark) be-
tween May 2014 and December 2016. Management of
patients suspected of stable CAD in our institution
has previously been described (7–10). In brief, CTA is
the first-line test in patients without known CAD who
present with nonemergent chest pain. On May 1,
2014, we introduced a new diagnostic strategy based
on FFRCT testing in stable patients with moderate
stenosis (30% to 70%) determined by CTA before de-
cision making on downstream management (8). Pre-
CT noninvasive functional testing (using exercise
electrocardiography) was performed only in patients
being referred from private cardiologist practices
(accounting for approximately 10% of the referrals to
coronary CTA). The Danish Data Protection Agency
approved the study (1-16-02-110-17), with a waiver for
individual informed consent by the regional ethics
committee.

DATA SOURCES. The Danish National Health Service
provides tax-supported health care for the entire
Danish population, including free access to hospitals
with full reimbursement (2,11–13). All Danish citizens
are assigned a Civil Personal Registration number at
birth and following immigration. This Civil Personal
Registration number is used in every regional and
national database, enabling linkage of individual-
level information between registries. Data were
retrieved from 4 regional or national registries: 1) the
Western Denmark Cardiac Computed Tomography
Registry, containing information on test indication,
patient demographics, acquisition characteristics,
and test results from all CTA investigations per-
formed (2,11,12); 2) the Danish National Patient Reg-
istry, which records discharge diagnoses, tests, and
procedures according to the International Classifica-
tion of Diseases classification system from every
hospitalization and outpatient clinic visits (including
dates of visits, and admissions) (13,14); 3) the Civil
Registration System, which contains complete data
on mortality (15); and 4) the National Health Service
Prescription Database, which contains information on
all reimbursable prescriptions redeemed by Danish
residents (2,16). Hospitals are reimbursed on a fee-
per-service basis, and redeemed prescriptions are
partially reimbursed to patients, ensuring high accu-
racy for registration of hospital diagnoses and pre-
scribed medication (2,12,13,16).

PATIENTS. The demographic, clinical, and coronary
CTA acquisition characteristics data were obtained
from the Western Denmark Cardiac Computed To-
mography Registry as previously described (2). Co-
morbidity index was calculated based on the
International Classification of Diseases-10th Revision
codes in the Danish National Patient Registry from 5
years before until the time of the coronary CTA
investigation (2,17). Records on medication 6 months
before and 6 months after the coronary CTA evalua-
tion were retrieved from the National Health Service
Prescription database.

CORONARY CTA. Coronary CTA was performed using
dual-source scanners (Somatom Definition Flash or
Force, Siemens, Forchheim, Germany) according to
societal guidelines (18). In brief, oral or intravenous
beta-blockers or oral ivabradin were administered if
necessary, targeting a heart rate <60 beats/min. All



TABLE 1 Local Recommendations Regarding Interpretation of Coronary CTA and FFRCT

Results and Post-Test Patient Management Between May 1, 2014, and December 31, 2016

Test Outcome
Post-Test Management
Recommendations*

First-line coronary CTA

Diagnostic conclusive High-risk anatomy† OMTk þ ICA

Intermediate-risk anatomy‡ OMTk þ FFRCT

Low-risk anatomy§ OMTk
Diagnostic inconclusive — OMTk, MPI, or ICA

FFRCT

Diagnostic conclusive >0.80 OMTk
#0.80

Lesion-specific ischemia¶ OMTk and ICA#

Distal vessel FFRCT positivity** OMTk #

Diagnostic inconclusive — OMTk, and MPI or ICA

*Factors other than test results (e.g., clinical presentation, patient preference, and lesion characteristics) may
have influenced decisions on post-CTA–FFRCT testing patient management. †Patients with left main, 3-vessel
disease, or high-grade proximal left anterior descending artery stenosis. ‡Patients with $1 intermediate coro-
nary stenosis (lumen reduction 30% to 70%). §Patients without coronary disease or with maximum coronary
stenosis <30%. kIn patients with coronary artery disease (CAD), statin and antiplatelet medication were rec-
ommended. Antianginal medication was recommended in patients with angina. Patients in whom no additional
testing was prescribed by the CTA cardiologist were followed by their general practitioner. ¶FFRCT #0.80 (from
2015, #0.75), 2 to 3 cm distal to stenosis. #From 2014 until mid-2015, we recommended invasive coronary
angiography (ICA) to be performed in patients with FFRCT #0.80. Thereafter (based on clinical test adoption
learnings), referral to ICA was recommended only in patients with lesion-specific ischemia with FFRCT #0.75.
Patients with lesion-specific ischemia who initially had ICA deferred were seen in our outpatient clinic after
3 months, and in the event of continuing symptoms despite OMT, referral to ICA was recommended; otherwise,
patients were referred to further follow-up by their general practitioner. **No lesion-specific ischemia but a
gradual decline in FFRCT along the length of 1 or more vessels with distal FFRCT values #0.80.

CTA ¼ computed tomography angiography; FFRCT ¼ coronary computed tomography angiography–derived
fractional flow reserve; MPI ¼ myocardial perfusion imaging; OMT ¼ optimal medical treatment.
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patients received sublingual spray nitroglycerin
0.8 mg 3 to 5 min before the scan. An initial non-
enhanced scan was performed for assessment of the
Agatston score. Coronary CTA was performed using
prospective electrocardiographic triggering. Cardiol-
ogists with a mean coronary CTA interpretation
experience of 7 years performed the readings. Vessel
segments $2 mm were evaluated for lumen narrow-
ing. Information on maximum stenosis with vessel
territory (left anterior descending artery [LAD], or
non-LAD) was retrospectively retrieved from the
Western Denmark Cardiac Computed Tomography
Registry. Stenosis location was defined as proximal or
distal as previously described (19). Based on the
clinical presentation and CTA test outcome, the CT
cardiologist determined the post-CTA patient man-
agement plan (Table 1). Optimal medical treatment
(OMT) including statin and aspirin were recom-
mended in all patients with CAD, and antianginal
medication was prescribed according to symptoms
and patient preferences at the discretion of the CT
cardiologists.

CTA–DERIVED FRACTIONAL FLOW RESERVE. The
scientific basis of FFRCT computation has previously
been described in detail (20). Standard coronary CTA
datasets were transmitted for analysis (HeartFlow,
Redwood City, California) (5). The 3-dimensional
FFRCT model provides computed FFR values in all
vessels of the coronary tree $1.8 mm. The FFRCT

result was negative when all values were >0.80, and
positive when at least 1 value was #0.80. Patients
with 1 or more FFRCT values #0.80 that were 2 to 3 cm
distal to a focal stenosis were considered to have
lesion-specific ischemia (Figure 1A). Patients without
lesion-specific ischemia but with a gradual decline in
FFRCT along the length of 1 or more vessels with distal
FFRCT values #0.80 were considered to have distal
vessel FFRCT positivity (Figure 1B). FFRCT values were
based on a local database to which the lowest trans-
lesional FFRCT value in patients with lesion-specific
ischemia or the lowest distal FFRCT value in patients
with distal vessel FFRCT positivity were prospectively
registered. Local recommendations on patient man-
agement following FFRCT testing is described in
Table 1. OMT without additional downstream testing
was recommended in all patients with FFRCT >0.80
throughout the study period. Decision making
regarding referral to ICA in patients with a positive
FFRCT result evolved with increasing clinical experi-
ence from strict binary to being based on the clinical
presentation, lesion characteristics, and physiology
(8–10). During the study period, the FFRCT threshold
for referral to ICA was lowered from 0.80 to 0.75 in
patients with lesion-specific ischemia, while OMT
was recommended as the first-line management
strategy in patients with distal vessel FFRCT positivity
(8–10) (Table 1).

CLINICAL ENDPOINT AND FOLLOW-UP. The
endpoint was a composite of all-cause death, myocar-
dial infarction (MI), hospitalization for unstable
angina, and unplanned coronary revascularization.
MI was defined according to an Expert Consensus
Document (21). Unplanned revascularization was
defined as a procedure performed during an ICA that
was not scheduled in the immediate post-CTA-FFRCT

or post-FFRCT testing ambulatory follow-up manage-
ment plan. Follow-up began on the day of the CT scan
and continued until the clinical event or end of the
study period, September 22, 2017. There was no loss to
follow-up during the study period. The cumulative
incidence proportion of the combined endpoint was
determined in 4 groups of patients: 1) CTA
stenosis <30%, no additional testing, treated with
OMT (CTA stenosis <30%); 2) FFRCT >0.80, treated
with OMT (FFRCT >0.80); 3) FFRCT #0.80, treated with
OMT (FFRCT#0.80, OMT); and 4) FFRCT#0.80, treated
with OMT and referred to ICA (FFRCT #0.80, ICA). The
primary aim of the study was to assess the incidence of
the composite endpoint in patients with FFRCT >0.80.



FIGURE 1 Representative Patient Examples

(A) A 66-year-old male patient with stable classical angina. (Left panel) Coronary computed tomography angiography (CTA) demonstrated a 50% stenosis

in the mid left circumflex artery (CX) and 60% to 70% stenosis in the mid left anterior descending artery (LAD) (arrows). (Right panel) Coronary CTA-

derived fractional flow reserve (FFRCT) analysis revealed that the lesion in the CX was not hemodynamically significant, with FFRCT values >0.80, whereas

lesion-specific ischemia was present in the LAD, with FFRCT of 0.70, 2 cm distal to the lesion. The patient was referred for invasive coronary angiography

and was treated with percutaneous coronary intervention of the LAD lesion (patient 8 in Online Table 5). (B) A 62-year-old male patient with stable

classical angina. (Left panel) Coronary CTA with 60% stenosis in the proximal LAD (arrow). (Right panel) FFRCT analysis demonstrated distal vessel FFRCT

positivity with FFRCT of 0.84 distal to the stenosis and a progressive decline to 0.75 in the distal LAD. The patient was prescribed optimal medical

treatment, and remained well, and experienced no adverse cardiac events or revascularization during 2.8 years of follow-up. RCA ¼ right coronary artery.
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FIGURE 2 Flow Chart of Study Patients

First-line coronary CTA testing
between May 2014 and December 2016

(n = 3,674)

CTA stenosis <30%, no additional testing
(n = 2,540)

ICA
(n = 312)

MPI
(n = 125)

FFRCT

(n = 697)

FFRCT conclusive result
(n = 677)

Motion, low contrast, blooming and /or
misalignment (n = 14). “Clipped”
myocardium (n = 2), or lack of acquisition
diastole phase (n = 4)

FFRCT inconclusive result
(n = 20)

Main study cohorts are presented in blue boxes. ICA ¼ invasive coronary angiography;

MPI ¼ myocardial perfusion imaging; other abbreviations as in Figure 1.
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Secondary aims were to compare the incidence of the
combined endpoint among the FFRCT >0.80;
FFRCT #0.80, OMT; or FFRCT #0.80, ICA groups, and
patients with CTA stenosis <30%. Patients were fol-
lowed for a median of 24 (interquartile range: 16 to 32;
range: 8 to 41) months.

STATISTICS. Categorical variables were described by
counts and percentages, and groups were compared
using the Fisher exact test. Continuous variables were
described using mean � SD (range), or median (inter-
quartile range, range) as appropriate. Means were
compared between groups using the Student's t-test
with unequal variance, and between more than 2
groups using the Kruskal-Wallis test. Medians be-
tween groups were compared using the Kruskal-Wallis
test. Cumulative incidence of event was analyzed us-
ing time-to-event analysis with time since the coro-
nary CTA test as time scale. The cumulative incidence
proportion of the composite endpoint, downstream
ICA utilization, and total revascularizations was esti-
mated using the Kaplan-Meier method when the event
included death and the Aalen-Johansen method when
death was a competing risk for the event of interest
(22). Confidence intervals are presented when the
number of events was $5. The cumulative incidence
risks at the end of follow-up are presented to describe
all events, and the cumulative incidence risks at the
end of follow-upwere compared between groups using
permutation test with 1,000 permutations. The per-
mutation test was in agreement with the Wald test
based on the pseudo-observation method when the
latter could be performed (23). To explore the uncer-
tainty of the estimated cumulative incidence of the
composite endpoint at the end of follow-up, we
computed confidence intervals based on the large
sample variance of the log-minus-log transformations
of the cumulative incidence function.

RESULTS

During the study period, 3,674 patients underwent
coronary CTA on a suspicion of stable CAD. Of
these, 2,540 (69%) had no CAD or coronary CTA
stenosis <30%, 312 (8.5%) were referred directly to
ICA, and 822 (22%) underwent additional testing by
FFRCT or myocardial perfusion imaging (MPI)
(Figure 2). Patient characteristics according to the
post-coronary CTA management strategy are shown
in Online Table 1. In 697 (19%) patients, CT data were
sent for FFRCT analysis, and a report was received in
677 patients. Reasons for nonevaluable FFRCT in 20
(3.0%) patients are described in Figure 2. The FFRCT

report was available for clinical decision making
<24 h from the time of the CT scan in 94% of the
patients, and <48 h in 99% of the patients. The lowest
FFRCT value was >0.80, and #0.80 in 410 (61%) and
267 (39%) patients, respectively. Patient characteris-
tics in the 4 main study groups are shown in Table 2.
Overall, the baseline risk profile was more favorable
in patients with CTA stenosis <30% than in the FFRCT

testing groups, and in patients with FFRCT >0.80
versus those with FFRCT #0.80. Coronary CTA acqui-
sition characteristics are presented in Online Table 2.

RELATIONSHIP BETWEEN SYMPTOMS, ANATOMICAL

CHARACTERISTICS, AND PHYSIOLOGICAL CHARACTERISTICS.

In patients undergoing FFRCT testing, maximum
coronary stenosis ranged between 30% and 49%, be-
tween 50% and 69%, or was $70% in 18%, 62%, and
20%, respectively (Table 3). Maximum stenosis
was $50% in 75% of the patients with FFRCT >0.80.
Patients with low-grade coronary stenosis were more
likely to have FFRCT >0.80 than FFRCT #0.80,
whereas patients with high-grade stenosis were more
likely to have FFRCT #0.80 (Table 3). The proportion
of patients having FFRCT performed with maximum
stenosis in the left main artery or LAD or proximal
segments decreased with increasing stenosis severity.
Median FFRCT and proportion of patients with distal

https://doi.org/10.1016/j.jacc.2018.07.043
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TABLE 2 Baseline Characteristics in Patients With Stenosis <30% or $30% According to the FFRCT Result and Downstream Management Plan

CTA Stenosis <30% CTA Stenosis $30%

p Value,
All‡

p Value,
FFRCT Groups§

No Additional
Testing*, OMT†
(n ¼ 2,540)

FFRCT >0.80,
OMT

(n ¼ 410)

FFRCT #0.80,
OMT

(n ¼ 112)

FFRCT #0.80,
OMT þ ICA
(n ¼ 155)

Age, yrs 56 � 12 60 � 9 63 � 9 62 � 9 <0.001 0.006

Male 1,091 (43) 226 (55) 63 (56) 109 (70) <0.001 0.02

Diabetes mellitus 151 (6) 38 (9) 17 (15) 18 (12) <0.001 0.16

Hypertension 757 (30) 161 (40) 66 (59) 70 (45) <0.001 0.005

Hyperlipidemia 698 (28) 149 (37) 54 (49) 64 (41) <0.001 0.06

Current smoker 546 (22) 95 (24) 26 (24) 45 (30) 0.18 0.31

Family history of CAD 1,170 (48) 188 (47) 53 (49) 80 (54) 0.54 0.30

Updated Diamond-Forrester risk score, % 31 � 18 43 � 19 46 � 19 47 � 20 <0.001 0.01

Body mass index, kg/m2 26 � 4 26 � 4 27 � 4 26 � 3 0.36 0.44

Angina

Typical angina 295 (12) 100 (25) 32 (29) 29 (19) <0.001 0.96

Atypical angina 1,537 (61) 214 (53) 56 (50) 87 (56)

Noncardiac chest pain 501 (20) 40 (10) 11 (10) 15 (10)

Dyspnea 196 (8) 53 (13) 13 (12) 24 (15)

Charlson Comorbidity Index

0 1,733 (68) 259 (63) 57 (51) 93 (60) <0.001 0.14

1–2 647 (25) 126 (31) 46 (41) 47 (30)

$3 160 (6) 25 (6) 9 (8) 15 (10)

Medication

Any statin 712 (28) 151 (37) 57 (51) 75 (48) <0.001 0.001

Potent statink 389 (15) 73 (18) 29 (26) 32 (21) 0.008 0.11

Aspirin 410 (16) 91 (22) 36 (32) 43 (28) <0.001 0.04

Clopidogrel 43 (2) 8 (2) 11 (10) 5 (3) <0.001 0.009

Beta-blocker 361 (14) 68 (17) 22 (20) 32 (21) 0.049 0.26

ACE inhibitor or ARB 582 (23) 134 (33) 49 (44) 55 (36) <0.001 0.10

Serum creatinine, mmol/l 74 � 30 79 � 54 79 � 20 78 � 17 <0.001 0.97

Values are mean � SD or n (%). *No additional downstream testing was planned after CTA. †OMT was recommended in patients with coronary artery disease. ‡Comparisons across all groups.
§Comparisons between patients with FFRCT >0.80 (n ¼ 410) versus those with FFRCT #0.80 (n ¼ 267). kAtorvastatin and rosuvastatin were categorized as “potent” statins.

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; other abbreviations as in Table 1.
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vessel FFRCT positivity was higher in the
FFRCT #0.80, OMT group than in the FFRCT #0.80,
ICA group (Online Table 3).
DRUG USE FOLLOWING FFRCT TESTING. Patients
with FFRCT #0.80 were more frequently treated with
statins, antiplatelet agents, and beta-blockers at
6 months after the CTA test than were patients with
FFRCT >0.80 (Table 4). Moreover, in patients
with FFRCT #0.80, referral to ICA was associated with
higher statin and antiplatelet use when compared
with those managed by planned OMT alone.
CLINICAL OUTCOMES. The cumulative incidence
proportion of the composite endpoint at the end of
follow-up in patients with post-CTA plannedMPI, ICA,
or FFRCT testing was 10.0%, 12.7%, and 5.2%, respec-
tively (Online Table 4). There was no significant dif-
ference in the incidence of the combined endpoint
between the CTA stenosis <30% and FFRCT >0.80
groups, 2.8% (95% confidence interval: 1.4% to 4.9%)
versus 3.9% (95% confidence interval: 2.0% to 6.9%)
(p¼ 0.58) (Table 5, Central Illustration). In contrast, the
risk of an adverse event tended to be higher in the
FFRCT #0.80, ICA group, and was significantly higher
in the FFRCT #0.80, OMT group (Central Illustration).
The latter finding was driven by a higher incidence of
nonfatal MI in the FFRCT #0.80, OMT group. Risk of MI
was higher in the FFRCT #0.80, ICA group than in
patients with CTA stenosis <30% (1.3% vs. 0.3%;
p < 0.01), but lower when compared with the
FFRCT #0.80, OMT group (8.0%; p < 0.001). Details on
the clinical course of patients with MI following FFRCT

testing are provided in Online Table 5. Removal from
the analysis of patients with at least 1 coronary
stenosis $70% by CTA yielded findings comparable
to the main outcome analyses (Online Table 6). Risk of
the composite endpoint in patients with the lowest
FFRCT value#0.75 orwith values ranging between 0.76
and 0.80 are shown in Online Figure 1. We found no
statistically significant association between the inci-
dence of the combined endpoint and FFRCT values
(Figure 3). The total number of revascularizations
performed during follow-up in the 4 study groups is

https://doi.org/10.1016/j.jacc.2018.07.043
https://doi.org/10.1016/j.jacc.2018.07.043
https://doi.org/10.1016/j.jacc.2018.07.043
https://doi.org/10.1016/j.jacc.2018.07.043
https://doi.org/10.1016/j.jacc.2018.07.043


TABLE 3 Clinical, Anatomical, and Physiological Characteristics According to the FFRCT Result

FFRCT

(n ¼ 697)
FFRCT >0.80
(n ¼ 410)

FFRCT #0.80
(n ¼ 267) p Value

Maximum CTA stenosis 30%–49% 128 (18) 102 (25) 24 (9) <0.001

LAD/LM 114 (89)* 90 (88)* 22 (92)* 1.00

Proximal 121 (95)* 95 (93)† 24 (100)* 0.34

FFRCT 0.86*,‡ (0.83–0.89, 0.68–0.94) 0.87† (0.84–0.89, 0.81–0.94) 0.78§ (0.72–0.80, 0.68–0.80) —

Typical angina 30 (23)† 24 (24)† 5 (21)† 1.00

Maximum CTA stenosis 50%–69% 430 (62) 267 (65) 157 (59) 0.10

LAD/LM 326 (76) 191 (72) 130 (83) 0.01

Proximal 380 (88) 231 (87) 143 (91) 0.21

FFRCT 0.83‡ (0.78–0.88, 0.50–0.94) 0.87 (0.84–0.89, 0.81–0.94) 0.75 (0.70–0.79, 0.50–0.80) —

Typical angina 102 (24) 66 (25) 35 (22) 0.56

Maximum CTA stenosis $70% 139 (20) 41 (10) 86 (32) <0.001

LAD/LM 80 (58) 25 (61) 49 (57) 0.70

Proximal 104 (75) 33 (80) 63 (73) 0.51

FFRCT 0.77‡ (0.70–0.83, 0.50–0.91) 0.86 (0.84–0.88, 0.81–0.91) 0.73 (0.65–0.77, 0.50–0.80) —

Typical angina 33 (24) 10 (24) 21 (24) 1.00

Vessels with stenosis $50% <0.001

1 414 (59) 259 (63) 150 (56)

2 122 (18) 41 (10) 73 (27)

3 30 (4) 6 (1) 19 (7)

Agatston score 294 � 532 (0–6,085) 164 � 283 (0–2,064) 456 � 702 (0–6,085) <0.001

FFRCT 0.83‡ (0.77–0.87, 0.50–0.94) 0.87 (0.84–0.89, 0.81–0.94) 0.75 (0.69–0.79, 0.50–0.80) —

Values are n (%), median (interquartile range, range), or mean � SD (range). *p < 0.001 when compared with groups below. †p ¼ NS when compared with groups below.
‡n ¼ 677. §p < 0.01 when compared with groups below.

LAD ¼ left anterior descending artery; LM ¼ left main artery; other abbreviations as in Table 1.
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shown in Table 5, and the total number of ICAs is pre-
sented in Online Table 7. Cumulative incidence pro-
portion of the composite endpoint in patients who
underwent planned coronary revascularization was
7.6% (Online Table 8). We did not find a substantial
increase in the uncertainty of adverse event cumula-
tive incidence estimates during the last part of the
follow-up period (e.g., comparing 2 years vs. end of
follow-up time points) (Online Figures 2A and 2B).

DISCUSSION

In this study of consecutive symptomatic patients
without known CAD undergoing first-line coronary
CTA, the presence of intermediate-range CAD and
FFRCT >0.80 was associated with favorable clinical
outcomes similar to the prognosis in patients without
or with minimal evidence of CAD who had no planned
downstream testing. On the other hand, risk of an
unfavorable outcome was increased (driven by a
higher incidence of nonfatal MI) in patients with a
positive FFRCT result who were not referred to ICA.
This study underscores the feasibility of selective
FFRCT testing for decision making in patients with
intermediate-range CAD determined by first-line CTA
in day-to-day clinical practice.
Patients with more severe coronary stenosis
($50%) determined by coronary CTA have a worsened
prognosis than those with mild nonobstructive dis-
ease (1,2,24). Importantly, our data suggest that pa-
tients with intermediate lesions (75% of whom had at
least 1 stenosis $50%) not causal of ischemia by
FFRCT can be deferred safely from ICA with clinical
outcomes similar to patients with no or minimal CAD.
Recent data highlighted the potential to reduce
downstream ICA based on the absence of lesion-
specific ischemia by FFRCT (6). In the multicenter
PLATFORM (Prospective Longitudinal Trial of FFRCT:
Outcome and Resource impacts) trial, no major
adverse cardiac events were observed after 12 months
in 107 of 197 patients in whom ICA was canceled on
the basis of coronary CTA-FFRCT testing (6). The
present data extend these findings by confirming in a
large real-world practice cohort that deferral of ICA in
patients with intermediate-range stenosis and a
negative FFRCT result is safe even up to 3 years.

Recently, the updated National Institute for Health
and Care Excellence guideline for stable chest pain
(CG95) recommended coronary CTA as the first-line
test in all patients without known CAD who present
with atypical or typical angina (25). Importantly, our
data show that using a coronary CTA first-line

https://doi.org/10.1016/j.jacc.2018.07.043
https://doi.org/10.1016/j.jacc.2018.07.043
https://doi.org/10.1016/j.jacc.2018.07.043


TABLE 4 Post-Test Changes and Use of Medication in Patients With CTA Stenosis <30% or $30% Undergoing FFRCT Testing

Post-Test Management
Strategy

Medication*

Initiated Continued Discontinued
Post-Test

Use
p Value, FFRCT,

Positive vs. Negative†
p Value, FFRCT #0.80,

OMT vs. ICA‡

Any statin CTA stenosis <30%, OMT (n ¼ 2,540) 8.9 21.3 6.7 30.3 <0.001 0.018

FFRCT >0.80, OMT (n ¼ 410) 35.9 30.2 6.6 66.1

FFRCT #0.80, OMT (n ¼ 112) 33.9 42.9 8.0 76.8

FFRCT #0.80, ICA (n ¼ 155) 43.9 43.9 4.5 87.7

Potent statin§ CTA stenosis <30%, OMT 3.2 12.3 3.1 15.5 0.20 0.26

FFRCT >0.80, OMT 11.5 15.1 2.7 26.6

FFRCT #0.80, OMT 9.8 25.0 1.8 34.8

FFRCT #0.80, ICA 9.7 18.7 1.9 28.4

Aspirin or clopidogrel CTA stenosis <30%, OMT 4.7 8.7 8.8 13.3 <0.001 <0.001

FFRCT >0.80, OMT 19.3 16.3 7.3 35.6

FFRCT #0.80, OMT 21.4 31.3 9.8 52.7

FFRCT #0.80, ICA 47.7 27.1 3.2 74.8

Beta-blocker CTA stenosis <30%, OMT 3.7 9.8 4.4 13.5 0.002 0.20

FFRCT >0.80, OMT 7.3 13.4 3.2 20.7

FFRCT #0.80, OMT 15.2 11.6 8.0 26.8

FFRCT #0.80, ICA 18.1 16.1 4.5 34.2

ACE inhibitor or ARB CTA stenosis <30%, OMT 2.1 19.1 3.8 21.3 0.24 0.32

FFRCT >0.80, OMT 2.0 27.8 4.9 29.8

FFRCT #0.80, OMT 2.7 34.8 8.9 37.5

FFRCT #0.80, ICA 2.6 29.0 6.5 31.6

Values are % (number of affected patients relative to the total number of patients in each post-test management strategy group). *Defined by claimed prescriptions 6 months before and 6 months after the
index CTA test. Initiated: patients who did not claim a prescription before, but did after the index test. Continued: patients who claimed a prescription both before and after the index test. Discontinued:
patients who claimed a prescription before, but not after the index test. †‡p values refer to the post-test medication use group. †Comparison between patients with FFRCT >0.80 versus#0.80, and ‡patients
with FFRCT #0.80 managed by OMT versus those referred to ICA, respectively. §Atorvastatin and rosuvastatin were categorized as “potent” statins.

Abbreviations as in Table 1.
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strategy does not result in the majority of patients
requiring FFRCT testing. In fact, no or minimal CAD
was present in 69% of the patients, and among the
19% of patients who underwent FFRCT testing, 2 of 3
had no physiologically significant disease, hence
requiring no further downstream testing or inter-
vention. Thus, overall, 80% of patients undergoing
TABLE 5 Clinical Endpoints in Patients With Stenosis <30% or $30%
Management of Patients

Endpoint

CTA Stenosis <30%

No Additional
Testing*, OMT
(n ¼ 2,540)

FFRCT

O
(n ¼

Composite endpoint† 35, 2.8 (1.4–4.9) 11, 3.9

All-cause death 24, 2.3 (1.0–4.4) 4

Nonfatal myocardial infarction 6, 0.3 (0.1–0.6) 1,

Hospitalization for unstable angina 1, 0.1 4

Unplanned revascularization‡ 10, 0.4 (0.2–0.8) 3

Spontaneous myocardial infarction 6, 0.3 (0.1–0.6) 1,

Total number of revascularizations 10, 0.4 (0.2–0.8) 3,

Values are n, cumulative incidence proportion (95% confidence interval). *No additional
than 1 event, number of events may not sum up to the composite endpoint. ‡Not schedul
coronary artery bypass grafting, n ¼ 2).

Abbreviations as in Table 1.
first-line coronary CTA testing required no further
testing with a favorable 3-year outcome.

Guidelines regarding the clinical use of FFRCT or
standards for interpretation have not yet been pub-
lished. We recommend FFRCT testing be performed in
patients with intermediate-range lesions in whom
anatomical interpretation is most challenging, and
According to the FFRCT Result and Post-Test

CTA Stenosis $30%

p
Value

>0.80,
MT
410)

FFRCT #0.80,
OMT

(n ¼ 112)

FFRCT #0.80,
OMT þ ICA
(n ¼ 155)

(2.0–6.9) 6, 9.4 (3.0–20.0) 7, 6.6 (2.5–13.4) 0.07

, 1.4 1, 1.5 3, 2.8 0.97

0.3 5, 8.0 (2.2–18.6) 2, 1.3 <0.001

, 1.7 1, 0.9 2, 2.5 0.01

, 1.0 6, 8.8 (2.8–19.2) 0 <0.001

0.3 5, 8.0 (2.2–18.6) 1, 0.6 <0.001

0.9 6, 8.8 (2.8–19.2) 76, 51.0 (41.5–59.7) <0.001

downstream testing was planned after coronary CTA. †As each patient can have more
ed in the immediate post-CTA FFRCT plan (percutaneous coronary intervention, n ¼ 17;
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where existing guidelines recommend additional
ischemia testing for diagnostic clarification (25,26).
This strategy is in accordance with trial evidence
demonstrating high diagnostic performance of FFRCT

in patients with intermediate stenosis (4,5). However,
previous studies on FFRCT diagnostic performance
using an absolute threshold of 0.80, and blinded core
lab–controlled comparisons (4,5), may not fit into the
reality of day-to-day clinical practice (9,10). Thus,
based on learnings during the early FFRCT clinical
adoption phase, we changed the test criterion for
referral to ICA from being strict binary (FFRCT #0.80)
to include elaborate information regarding the clin-
ical, anatomical, and physiological presentation
(9,10). Accordingly, in patients with 1 or more FFRCT

values #0.80 (representing 7% of the entire patient
population), 42% were treated with OMT without
additional testing, and 58% were referred to ICA.



FIGURE 3 Clinical Adverse Events* as a Function of FFRCT
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Despite an overall unfavorable pre-test risk profile
and high disease burden (e.g., mean Agatston score of
456) in patients with a positive FFRCT result and
referral to ICA, the overall cardiac prognosis was
favorable, with an annual risk of MI <0.5%. On the
other hand, deferral of ICA in FFRCT test–positive
patients was associated with a 6-fold increase of
subsequent nonfatal MI when compared with those
referred to ICA. The 3-year incidence of MI in this
group was 8%, which is comparable to the 6.8% 2-
year risk of MI in the medical-therapy group in the
FAME (Fractional Flow Reserve versus Angiography
for Multivessel Evaluation) trial (3). Of note, in this
study the proportion of FFRCT test–positive patients
receiving post-test preventive medication was lower
in the group in which OMT and no further testing
were recommended than in the ICA referral group.
Thus, it cannot be excluded that the unmatched use
of preventive medication in the 2 FFRCT test–positive
groups to some extent may have influenced
outcomes.

FFRCT provides simultaneous computation of
pressure and flow in the entire coronary tree thus
exposing lesions without significant lesion-specific
ischemia but with distal FFRCT values #0.80
(possibly representing the sum of multiple down-
stream resistances from discrete lesions or diffuse
disease) (27,28). Thus, opposite to MPI, coronary CTA
with selective FFRCT testing enables discrimination
between focal and diffuse CAD, and lesion-specific
ischemia and distal vessel FFRCT positivity. Not sur-
prisingly, the majority of patients with distal vessel
FFRCT positivity (33% of those with FFRCT #0.80) had
ICA canceled. Notably, patients with FFRCT positivity
in whom ICA was deferred and MI subsequently
occurred were characterized by the presence of
lesion-specific ischemia, and not distal vessel FFRCT

positivity. However, it has been demonstrated that
the presence of diffuse CAD with FFR positivity, even
after successful percutaneous coronary intervention
of focal lesions, is associated with worse clinical
outcomes (29). Thus, the risk and optimal manage-
ment strategy in patients with a positive FFRCT result
need further investigation.

It has been shown that first-line coronary CTA
testing compared with functional testing facilitates
more appropriate use of statin and antiplatelet therapy
(30,31). The present study adds to these findings by
demonstrating an association between the FFRCT

result and subsequent medical therapies. In accord
with previous studies, the greatest use of statins and
antiplatelet medication was seen in patients under-
going ICA or revascularization (31). These findings may
reflect higher anatomical and physiological disease
burden and thus expectedly higher prognostic signif-
icance of medication than in patients with less severe
disease, as well as high medication adherence in pa-
tients following ICA or revascularization. Statin and
antiplatelet therapy in stable CAD have a Class Ia
recommendation in societal guidelines (26).



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In patients with

stable chest pain syndromes and 30% to 70% coronary stenosis

detected by CTA, those with FFRCT >0.80 had clinical outcomes

similar to those of patients with <30% stenosis or no CAD when

managed without revascularization.

TRANSLATIONAL OUTLOOK: Future studies should assess

the utility of coronary CTA and selective FFRCT computation as

part of the initial assessment of stable patients with suspected

ischemic heart disease to guide clinical management.
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Accordingly, in this institution, we recommend OMT
in all patients undergoing FFRCT testing. Nevertheless,
overall statin and antiplatelet therapy 6 months after
noninvasive testing in this reportwas surprisingly low,
especially regarding the use of antiplatelet agents. In
this study, decisions on medical therapies were at the
discretion of the treating physician including both
cardiologists and general practitioners. Thus, it cannot
be assessed to what extent the low use of post-test
medication in patients with moderate CAD in this
study reflects physician or patient behavior. Clearly,
there is an unmet need to improve medical treatment
in many patients with CAD.

Assessment of disease severity and risk by coro-
nary CTA represent a continuum, hence planning
patient-specific post-CT workflows is challenging.
Integration of CT-derived measures beyond FFRCT,
known to be associated with flow reduction such as
plaque burden and composition (32), percent
myocardium at risk (33), and vessel volume relative to
myocardial mass (34) may provide (especially among
those with FFRCT #0.80) more accurate, objective,
patient-specific, and quantitative tools for risk
assessment and patient management in the future.

STUDY LIMITATIONS. This is a single-center, obser-
vational study, and thus the present findings may not
be generalized to other institutions or health care
systems. However, the present study included a large,
all-comer consecutive cohort of symptomatic pa-
tients, and thus is representative of patients
encountered in clinical practice. In this study, the
overall number of clinical adverse events was rela-
tively few, and the temporal distribution of clinical
events in the 4 study groups differed. Thus, studies
with longer follow-up are needed to confirm the
present findings. An important limitation is the lack
of information on post-test reduction in angina.
However, the overall rate of symptom-driven un-
planned revascularization was low. As downstream
patient management was not mandated, individual
CT cardiologists may to a varying degree have inte-
grated personal or patient test preferences and
utilized different “thresholds” for prescribing
subsequent FFRCT testing, medical therapies, and ICA
(8–10). The use of post-CTA MPI testing in a sub-
stantial number of patients may reflect FFRCT testing
“uncertainty” in some cardiologists during clinical
adoption of the test. Accordingly, the majority (80%)
of MPI tests were performed in the first one-half of the
study period (data not shown). To what extent FFRCT

contributed to decision making on revascularization
cannot be assessed, since the use of intravascular
imaging or invasive physiological guidance was not
captured in the majority of patients. However, in a
recent prospective study, it was demonstrated that
the FFRCT result, when blinded for the inter-
ventionalists, is efficient in predicting revasculari-
zation decision making (35). Patients with no or
minimal CAD comprised the CTA stenosis <30%
group. This strategy reflects usual practice, and
overall the prognosis in this group was excellent
(annual risk of all-cause death or MI of 0.39%), and
comparable to the risk in 9,305 patients from the
Western Denmark Cardiac Computed Tomography
Registry with no CAD (annual risk of all-cause death
or MI of 0.37%) (2). Only patients with nonemergent
chest pain and without known CAD were included in
this study, thus findings cannot be generalized to
other patient categories.

CONCLUSIONS

In real-world clinical practice, a diagnostic strategy
of first-line coronary CTA in symptomatic patients
suspected of CAD, and FFRCT testing in those
with intermediate-range lesions is effective in
differentiating patients who do not require further
diagnostic testing or intervention (FFRCT >0.80),
from higher-risk patients (FFRCT #0.80) in whom
further testing with ICA and possibly intervention
may be needed. Future large-scale studies with
longer follow-up are needed to further assess the risk
and optimal management strategy in patients
undergoing first-line coronary CTA with selective
FFRCT testing.
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