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Purpose: Further diagnostic testing may be required after a coronary computed tomography angiography (CTA)
showing suspected coronary stenosis. Whether myocardial perfusion imaging (MPI) provides further prognostic
information post-CTA remains debated. We evaluated the prognosis for patients completing CTA stratiﬁed for
post-CTA diagnostic work-up using real-world data.
Methods: We identiﬁed all patients in our uptake area with angina symptoms undergoing ﬁrst-time CTA over a 10year period. Follow-up time was a median of 3.7 years [1.9–5.8]. The primary endpoint was a composite of
myocardial infarction or death. The secondary endpoint was late revascularization.
Results: During the study period 53,351 patients underwent CTA. Of these, 24% were referred for further downstream testing, 3,547 (7%) to MPI and 9,135 (17%) to invasive coronary angiography (ICA). The primary and
secondary endpoints occurred in 2,026 (3.8%) and 954 (1.8%) patients. Patient-characteristic-adjusted hazard
ratios for the primary and secondary endpoint using patients with a normal CTA as reference were 1.37
(1.21–1.55) and 2.50 (1.93–3.23) for patient treated medically, 1.68 (1.39–2.03) and 6.13 (4.58–8.21) for patients referred to MPI and 1.94 (1.69–2.23) and 9.18 (7.16–11.78) for patients referred for ICA, respectively.
Adjusted analysis with stratiﬁcation for disease severity at CTA showed similar hazard ratios for patients treated
medically after CTA and patients referred for MPI and treated medically after the MPI.

Abbreviations: CABG, Coronary artery bypass graft; CAD, Coronary artery disease; CACS, Coronary Artery Calcium Score; CMR, Cardiac magnetic resonance; CTA,
Computed tomography angiography; DNPR, Danish National Patient Register; ICA, Invasive coronary angiography; FFR, Fractional ﬂow reserve; FFRct, Fractional ﬂow
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Conclusion: In patients completing coronary CTA, second-line MPI testing seems to identify patients at low risk of
future events. MPI seems to have the potential to act as gatekeeper for ICA after coronary CTA.

symptoms suggestive of obstructive CAD managed with ﬁrst-line MPI.10
However, because of the low sensitivity found in patients after a primary
CTA concerns have been raised regarding the use of MPI as a second-line
diagnostic test.
The primary aim of this study was therefore to describe event-rates of
mortality, myocardial infarction and late revascularization according to
downstream testing in patients undergoing coronary CTA due to suspicion of chronic coronary syndrome.

1. Introduction
Coronary computed tomography angiography (CTA) is an established
test for ruling-out obstructive coronary artery disease (CAD) in patients
with a low-to-intermediate pre-test CAD probability.1 Prognostic studies
have shown a trend towards improved prognosis when using coronary
CTA compared with functional testing as ﬁrst-line test in patients with
symptoms suggestive of CAD.2–4 However, due to only moderately positive predictive values of coronary CTA, downstream myocardial perfusion imaging (MPI) tests are recommended to avoid unnecessary elective
invasive coronary angiographies (ICA). This approach is recommended
to assess the hemodynamic importance of coronary stenoses identiﬁed by
coronary CTA and to guide revascularization.1,5
Several MPI tests, including single-photon emission computed tomography (SPECT), positron emission tomography (PET), and cardiac
magnetic resonance (CMR), are used as second-line diagnostic tests after
an abnormal coronary CTA. Diagnostic accuracy studies using invasive
fractional ﬂow reserve (FFR) as a reference have shown somewhat
divergent results.6,7 Two recent studies using ICA-FFR as reference tested
the diagnostic accuracy of MPI as a selective imaging strategy.8,9 Both
these trials showed low concordance between myocardial perfusion defects and stenosis with FFR <0.80 but higher concordance between
absence of myocardial perfusion defects and stenosis with FFR 0.80.
Therefore, although a selective MPI strategy after coronary CTA appears to misclassify many patients with stenosis and FFR <0.80, the
prognosis has previously been shown to be good in patients with

2. Materials and methods
2.1. Study design
This cohort study was conducted using a regional Danish populationbased clinical quality database, The Western Denmark Heart Registry
(WDHR)11 from which we identiﬁed all patients who underwent
ﬁrst-time coronary CTA from January 2008 to December 2017 at all
hospitals (n ¼ 13) in the Western part of Denmark (uptake area 3.3
million; 55% of the total Danish population). The cohort comprised all
adult patients without previously documented CAD but with symptoms
suggestive of stable obstructive CAD who completed a coronary CTA
(Fig. 1). Patient characteristics were deﬁned on the day of the coronary
CTA. We categorized patients according to the downstream testing performed in a post-coronary CTA window of 120-days, and followed patients from day 120 to either death, migration or end of follow-up (June
30, 2018). This study was approved by the Danish Data Protection.

Fig. 1. Flow chart of study patients and of groups and subgroups deﬁned by real-world clinical consequences of coronary CTA in the period within the ﬁrst 120 days
after coronary CTA.
* If a patient had more than one coronary CTA examination, only the ﬁrst was included in the study.
#
Based on information from the ﬁrst 4 months after CTA.
Abbreviations: CTA: computed tomography angiography; CAD: coronary artery disease; MPI: myocardial perfusion imaging; ICA: invasive coronary angiography;
FFRct: fractional ﬂow reserve calculated from CTA images.
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2.2. Data sources

Table 1
Baseline characteristics of included patients.

In Denmark, all registered residents are automatically entitled to
publicly ﬁnanced healthcare. In the Western part of Denmark, all cardiac
centers are required to enter all coronary CTA, ICA and revascularizations with either percutaneous coronary intervention (PCI) or
coronary artery bypass graft (CABG) procedures into the WDHR. Patient
baseline characteristics, including cardiac risk factors and symptoms as
well as indications and ﬁndings at coronary CTA and ICA, are also
registered in the WDHR.
We used the National Patient Registry (DNPR), which contains information on all hospital/outpatient diagnosis, tests, and procedures
performed in Denmark. Since 1994, the diagnosis codes have followed
the International Classiﬁcation of Diseases, 10th Revision (ICD-10).
Myocardial perfusion imaging was identiﬁed by procedural codes. SPECT
and PET tracers used for the MPIs were sestamibi (99mTc) and rubidium
(82Rb) and only NaI(Tl)- based detector were used for SPECT in the region. ICA, PCI and CABG were identiﬁed from the WDHR and/or the
DNPR. Information on mortality was obtained in the Danish Civil Personal Register; and myocardial infarction and comorbidity from the
DNPR. ICD-10, procedural and anatomical therapeutic classiﬁcation
codes used in this study are presented in eTable 1.

Table 1. Patient demographics
Groups

Total
All patients

Number of patients

53,351 (100%)

Characteristics

2.3. Clinical consequence of procedures

Sex, male
Age (years)
- <50
- 50- <60
- 60 - <70
- 70
Body Mass Index (kg/m2)a
Smoking

24,402 (45.7%)
57.4  11.3
13,775 (25.8%)
16,565 (31.1%)
15,851 (29.7%)
7,160 (13.4%)
26.7  4.4

- Never
- Former
- Active
- Missing
Symptoms
- Typical chest pain
- Atypical chest pain
- Non-speciﬁc chest pain
- Dyspnea
- Missingb
Pre-test probability risk scorec

20,573 (38.6%)
17,338 (32.5%)
11,160 (20.9%)
4,280 (8.0%)
5,105 (9.6%)
20,702 (38.8%)
13,816 (25.9%)
3,181 (6.0%)
10,547 (19.8%)
9% [5–18]

Comorbidity

We used a post-coronary CTA 120-day window to categorize patients
into groups and subgroups according to the coronary CTA results and the
post-CTA clinical consequence of a) either testing with MPI or ICA and b)
either no early revascularization or early revascularization (Fig. 1).
Patients were divided into four groups: Group A (No CAD); absence of
any coronary calcium or plaque at the initial coronary CTA and no MPI or
ICA performed in the 120-day post-coronary CTA window. Group B (CAD
treated medically); presence of coronary calcium or plaque at the initial
coronary CTA but no MPI or ICA performed in the 120-day post-coronary
CTA window. Group C (referred for MPI); MPI performed in the 120-day
post-coronary CTA window. Group D (referred for ICA); ICA performed in
the 120-day post-coronary CTA window without MPI being performed
between the coronary CTA and ICA. Obstructive disease at coronary CTA
were deﬁned as a >50% diameter stenosis and at ICA deﬁned as a >50%
diameter stenosis and fractional ﬂow reserve <0.80 if measured.
Subgroups of group C and D (referred for MPI and ICA) were deﬁned
according to whether ICA or revascularization were performed as outlined in Fig. 1. Patients in group A and B, as well as subgroup C0, were all
managed non-invasively; these patients had no CAD, CAD treated
medically after coronary CTA or treated medically after MPI. Patients in
subgroups C1 and D1 underwent ICA and were treated medically with or
without prior MPI. Patients in subgroups C2 and D2 were revascularized
in the 120-day post-coronary CTA window, with or without MPI being
performed between the coronary CTA and the ICA. Late revascularization
was deﬁned as PCI or CABG performed >120-day post-coronary CTA.
The 120 day window was chosen to avoid including revascularizations
related to the initial CTA investigation in the end-point.

Hypercholesterolemia
Hypertension
Diabetes
Charlson comorbidity
- No comorbidity (0 points)
- Moderate comorbidity (1 points)
- Severe comorbidity (2 points)

18,866 (35.4%)
25,270 (47.4%)
4,594 (8.6%)
35,303 (66.2%)
9,925 (18.6%)
8,123 (15.2%)

Coronary artery calcium score and computed tomography angiography
CACS
- 0
- 1-99
- 100-399
- 400
- Missing
Disease severity by CTA:
- No CAD
- Non-obstructive CAD
- 1-vessel obstructive disease
- 2-vessel obstructive disease
- 3-vessel obstructive disease

0 [0–83]
23,350 (43.8%)
12,299 (23.1%)
6,013 (11.3%)
4,797 (9.0%)
6,892 (12.9%)
26,001 (48.9%)
15,789 (29.7%)
5,658 (10.6%)
1,746 (3.3%)
675 (1.3%)

Values are n (%) or mean  SD or median [IQR].
a
BMI data are missing in 14% of patients.
b
In the early inclusion period symptoms was not a mandatory ﬁeld in the
WDHR.
c
The CAD consortium basic pre-test probability risk model was used.

together with post-test use of antihypertensive and lipid-lowering therapy. All incomplete smoking data (8%) were created by multiple imputation for the adjusted analysis. Stratiﬁed analysis was performed for the
primary endpoint according to groups medically treated after coronary
CTA, and for patients who were referred to MPI or ICA. We stratiﬁed
based on CACS with a cut-off of 400 and according to the number of
major coronary vessels with suspected obstructive disease. For the
stratiﬁed analysis, missing data regarding coronary stenosis at coronary
CTA were imputed from ICA, if performed. However, 1,088 (2%) patients
had missing data despite this imputation.

2.4. Statistical analysis
The primary endpoint was deﬁned as a composite of all-cause mortality and myocardial infarction. A secondary endpoint was late revascularization. Follow-up regarding both endpoints started 120 days after
coronary CTA. Patients who died or had a myocardial infarction within
120 days after coronary CTA were excluded from the follow-up analysis
(Fig. 1).
Time-to-event analysis was performed using univariate and multivariate Cox regression of the cause-speciﬁc hazard ratios (HR). Cumulative incidence functions for each endpoint were generated to illustrate
the risk over time. For the Cox multiple regression analysis, we included
age, gender, smoking status and Charlson comorbidity index at baseline

3. Results
A total of 67,771 ﬁrst-time coronary CTAs were performed in the
Western part of Denmark between 2008 and end of 2017 (Fig. 1 and
eFig. 1). The study cohort was restricted to 53,709 (79%) adult patients
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Table 2
Medical treatment, use of diagnostic test, and revascularization within 120 days after coronary CTA. Deﬁnitions of the groups are described in Figs. 1 and 2.
Table 2. Diagnostic test and revascularization within 120 days after coronary CTA
Groups

Number of patients

Total

A

B

C

All patients

No CAD

CAD medically treated

Referred for MPI

D
Referred for ICA

53,351 (100%)

25,026 (46.9%)

15,643 (29.3%)

3,547 (6.7%)

9,135 (17.1%)

3,547 (6.7%)

Non

Non

3,547 (6.7%)

Non

2,153 (60.7%)
760 (21.4%)
634 (17.9%)
28 [14–49]
23 [12–38]

Non
Non
Non
Non
Non

Non
Non
Non
Non
Non

2,153 (60.7%)
760 21.4%)
634 (17.9%)
28 [14–49]
23 [12–38]

Non
Non
Non
Non
Non

9,851 (18.5%)

Non

Non

716 (20.2%)

9,135 (100%)

8,637 (90.1%)
257 (2.7%)
692 (7.2%)

Non
Non
Non

Non
Non
Non

648 (90.1%a)
12 (1.7%a)
45 (6.4%a)

7,989 (90.0%)
245 (2.8%)
647 (7.3%)

5,282 (54.0%)
2,677 (27.4%)
1,149 (11.8%)
667 (6.8%)
21 [11–34]

Non
Non
Non
Non
Non

Non
Non
Non
Non
Non

408 (57.1%)
190 (26.6%)
88 (12.3%)
28 (3.9%)
39 [27–63]

4,874 (53.8%)
2,487 (27.5%)
1,061 (11.7%)
639 (7.1%)
20 [11–31]

3,428 (6.4%)
2,660 (5.0%)
821 (1.5%)
30 [19–48]

Non
Non
Non
Non

Non
Non
Non
Non

240 (33.5%a)
175 (25.0%a)
65 (6.8%a)
47 [27–73]

3,188 (34.9%)
2,485 (27.2%)
756 (8.3%)
30 [19–46]

Myocardial perfusion imaging
MPI
Type of MPI
- SPECT
- PET
- CMR
Time, coronary CTA to MPI
Time, MPI to ICA
Invasive coronary angiography
ICA
Indication for ICA
- Stable angina pectoris
- Unstable angina pectoris
- Other
Disease severity at ICA:
- Non-obstructive disease
- 1-vessel obstructive disease
- 2-vessel obstructive disease
- 3-vessel obstructive disease
Time, coronary CTA to ICA
Revascularization - Early
Revascularization
- Percutaneous coronary intervention
- Coronary artery bypass grafting
Time, coronary CTA to revascularization

Values are n (%) or median [IQR]. Times are given in days.
a
Percentage of the patients referred for ICA, (n ¼ 716).

at 1 and 5 years, unadjusted and adjusted HR, and the cumulative
incidence for each of the four groups are presented in Fig. 2 and
eTable 4. The unadjusted HR of the primary endpoint with group A (no
CAD) as reference increased between groups, so that the HRs were
2.39 (2.13–2.68) for group B (CAD medically treated), 2.83 (2.37–3.39)
for group C (referred for MPI) and 3.87 (3.45–4.34) for group D
(referred for ICA). Patient characteristics-adjusted HRs ratios for the
primary endpoint with group A (No CAD) as a reference were 1.37
(1.21–1.55) for group B (CAD medically treated), 1.68 (1.39–2.03) for
group C (referred for MPI) and 1.94 (1.69–2.23) for group D (referred
for ICA).

without previously documented CAD, but with symptoms suggestive of
obstructive CAD and no FFRct performed in relation to the coronary CTA.
Of these patients, 40,669 (76%) did not undergo further coronary
investigation – 25,026 (47%) due to no CAD (Group A) and 15,643 (29%)
due to CAD which were treated medically (Group B). In a 120-day timewindow from the coronary CTA, 3,547 (7%) patients completed a MPI
diagnostic test (Group C) and 9,135 (17%) were referred to and
completed an ICA (Group D). Finally, 358 (0.7%) patients were not
categorized and were excluded due to myocardial infarction (n ¼ 244) or
death (114) in the 120-day time-window from the coronary CTA (Fig. 1).
Baseline characteristics, symptoms, pre-test probability of CAD, comorbidity and coronary CTA ﬁndings are presented in Table 1 and for
each of the four groups in eTable 2. Patients referred to further diagnostic
testing, especially ICA, were more frequently, males, were older and had
typical symptoms. Furthermore, CACS was higher and multi-vessel disease was more frequently present.
Information regarding post-coronary CTA, MPI, ICA and revascularizations performed within the 120-day time-window from the
coronary CTA are presented in Table 2. The fraction of patients
redeeming prescriptions for lipid-lowering therapy after coronary CTA
were 17.7% for group A (no CAD), 47.3% for group B (CAD medically
treated), 58.0% for group C (referred for MPI) and 84.5% for group D
(referred for ICA). Changes in medical therapy after the primary coronary
CTA according to groups are listed in eTable 3.
Follow-up time was up to 10.1 years, median 3.7 years [1.9–5.8], and
a total of 210,178 patient years were at risk.

3.2. Stratiﬁed analysis of subgroup
Group C (referred for MPI) was divided into subgroups C0, C1 and C2,
according to whether the patients underwent no further testing after MPI,
further downstream testing with ICA or ICA with early revascularization,
respectively (Fig. 1). Group D (referred for ICA) was divided into subgroups D1 and D2, according to whether early revascularization was
deferred or performed.
Within 120 days from the coronary CTA, ICA was performed after MPI
in 716 (20.2%) patients. The early revascularization rate was 33.5% in
patients completing both MPI and ICA and 34.9% in patients referred
directly to ICA after coronary CTA (Table 2).
For the primary endpoint, the cumulative incidence of the subgroups
(A0, B0, C0, C1, C2, D1 and D2) are illustrated in Fig. 2 and the unadjusted HRs are presented in eTable 5.
When comparing the subgroups; medically treated after coronary
CTA (B), undergoing MPI (C0) and undergoing ICA (D1) (Fig. 1), the
subgroups B and D1 had an unadjusted HR of 0.87 (0.72–1.05) and 1.30
(1.07–1.59) and an adjusted HR of 0.81 (0.67–0.98) and 1.08
(0.89–1.33) with subgroup C0 (n ¼ 2,830) as a reference (Table 3).

3.1. Mortality and myocardial infarction
During follow-up, the primary endpoint occurred in 2,026 (3.8%)
patients later than 120 days after coronary CTA. In total, 1,516 (2.8%)
patients died and 573 (1.1%) had a myocardial infarction. Event rates
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Fig. 2. Cumulative incidence of the combined primary endpoint all-cause mortality and myocardial infarction occurring more than 120 days after coronary CTA and
the secondary endpoint late revascularization.
Groups (A and B) and subgroups (C and D) are deﬁned within 120 days after coronary CTA according to the results of coronary CTA, the real-world diagnostic work-up
and early revascularization procedures after coronary CTA. Finally, cumulative incidence is illustrated according to the type of MPI used in diagnostic work-up within
120 days after coronary CTA (E and F).
Abbreviations: Similar abbreviations as Fig. 1.

no early revascularization), there was an increased revascularization rate
(n ¼ 10) between 120 and 180 days after coronary CTA. However, 7
(70%) of these revascularizations were delayed CABGs. No difference in
cumulative incidence of late revascularization was observed according to
type of MPI as illustrated in Fig. 2.

3.3. Stratiﬁed analysis according to disease-severity
Stratiﬁed analysis based on disease severity at coronary CTA in the
subgroups medical treated after coronary CTA (B), MPI (C0) and ICA
(D1), showed similarly adjusted HRs for the subgroups for strata with low
CACS, no/non-obstructive disease and multi-vessel disease, respectively.
Patients with single-vessel obstructive disease at coronary CTA had a
better prognosis in subgroup C0 than in group B and a similar prognosis
to subgroup D1. Finally, patients with CACS 400 at coronary CTA had a
similar prognosis in subgroup C0 as group B but the prognosis was poorer
compared to subgroup D1 as showed in Table 3, eFigs. 2 and 3.

4. Discussion
In this large cohort of patients referred to coronary CTA suspected of
chronic coronary syndrome over the last 10 years, we investigated the
prognosis of patients based on the post coronary CTA diagnostic work-up.
Our data indicate that the current strategy of MPI as second-line test in
selected patients appears effective as it defers more that 80% of patients
from ICA and is associated with low event-rates of myocardial infarction
and all-cause mortality comparable to those observed in patients
receiving only medical treatment for their CAD after coronary CTA. After
adjusting for patient baseline characteristics and medical treatment,
patients referred for MPI and ICA had similar event-rates. Furthermore,
patients managed non-invasively with MPI had a low long-term revascularization rate of <1% per year, indicating good medical symptom
management. However, our study also demonstrated a lower number of
redeemed prescriptions on lipid-lowering therapy after MPI compared
with ICA. Interestingly, stratiﬁed analysis identiﬁed a subgroup of patients with CACS 400 who seemed to have a better prognosis if investigated by ICA than by MPI.
Coronary CTA is recommended as ﬁrst-line diagnostic test in patients
with a low-to-intermediate pre-test probability of CAD.1 Coronary CTA
has a high negative predictive value for obstructive CAD and allows for
accurate visualization and quantiﬁcation of atherosclerotic disease and

3.4. Type of myocardial perfusion imaging
In total, 3,547 (6.7%) were referred to MPI after coronary CTA; 2,153
(60.7%) SPECT, 760 (21.4%) PET and 634 (17.9%) CMR (Table 2). No
difference in cumulative incidence of the primary endpoint was observed
according to type of MPI used (SPECT, PET or CMR) (Fig. 2).
3.5. Secondary endpoint of late revascularization
Revascularization more than 120 days after the coronary CTA
occurred in 954 (1.8%) patients in the follow-up period. For revascularization and with group A (No CAD) as a reference, the unadjusted HR
increased between groups, so that the HR was 3.45 (2.70–4.43) in group
B (CAD medically treated), 8.90 (6.73–11.77) for group C (referred for MPI)
and 16.63 (13.39–20.65) group D (referred for ICA) (Fig. 2 and eTable 4).
The cumulative incidences in the subgroups and HRs are presented in
Fig. 2 and eTable 5. In subgroup C1 (referred for MPI and ﬁnally ICA, but
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Table 3
Prognosis regarding the primary endpoint, mortality and myocardial infarction, in subgroups of patient which were medically treated after coronary CTA, MPI and ICA,
respectively. Further stratiﬁed analysis based on coronary calcium severity and obstructive disease severity at the baseline coronary CTA. Values are numbers and
hazard ratios (CI 95%).
Table 3. Subgroup and stratiﬁed analysis of primary endpoint
Sub-group

Number of patients
Follow-up time, yearsa

B

C0

Medically treated after coronary CTA

Medically treated after MPI

D1
Medically treated after ICA

15,643
3.4 [1.7–5.6]

2,830
3.2 [1.8–4.7]

5,947
4.1 [1.8–6.1]

2,830
127 (4.5%)
90 (3.2%)/37 (1.3%)
Ref
Ref

5,947
437(7.4%)
315 (5.3%)/122 (2.1%)
1.30 (1.07–1.59)
1.08 (0.89–1.33)

2,202
70 (3.2%)
53 (2.4%)/17 (0.8%)
Ref
Ref

3,403
166 (4.9%)
114 (3.4%)/52 (1.5%)
1.21 (0.91–1.60)
1.13 (0.85–1.50)

384
45 (11.7%)
28 (7.3%)/17 (4.4%)
Ref
Ref

1,934
213 (11.0%)
159 (8.2%)/54 (2.8%)
0.67 (0.48–0.92)
0.68 (0.49–0.94)

13,883
512 (3.7%)
396 (2.9%)/116 (0.8%)
0.95 (0.71–1.27)
0.80 (0.60–1.06)

1,319
51 (3.9%)
34 (2.6%)/17 (1.3%)
Ref
Ref

2,174
191 (8.8%)
150 (6.9%)/41 (1.9%)
1.86 (1.37–2.54)
1.25 (0.91–1.71)

925
69 (7.5%)
47 (5.1%)/22 (2.4%)
1.92 (1.24–2.97)
1.62 (1.04–2.51)

953
29 (3.0%)
24 (2.5%)/5 (0.5%)
Ref
Ref

2,668
141 (5.3%)
94 (3.5%)/47 (1.8%)
1.45 (0.97–2.16)
1.39 (0.92–2.08)

156
13 (8.3%)
10 (6.4%)/3 (1.9%)
Ref
Ref

1,063
104 (9.8%)
71 (6.7%)/33 (3.1%)
0.94 (0.53–1.68)
0.79 (0.44–1.44)

Primary endpoint: Mortality and myocardial infarction
Number of patients
Number of events
- Death/MI
Hazard ratios, unadjusted
Hazard ratios, adjusteda

15,643
672 (4.3%)
512 (3.3%)/160 (1.0%)
0.87 (0.72–1.05)
0.81 (0.67–0.98)

Stratiﬁed analysis: Mortality and myocardial infarction
Stratum: Coronary artery calcium score <400
Number of patients
Number of events
- Death/MI
Hazard ratios, unadjusted
Hazard ratios, adjusteda

14,051
529 (3.8%)
401 (2.9%)/128 (0.9%)
1.12 (0.87–1.43)
0.97 (0.76–1.25)

Stratum: Coronary artery calcium score ≥400
Number of patients
Number of events
- Death/MI
Hazard ratios, unadjusted
Hazard ratios, adjusteda

806
110 (13.7%)
90 (11.2%)/20 (2.5%)
0.89 (0.63–1.26)
0.83 (0.59–1.18)

Stratum: No or non-obstructive CAD at coronary CTA
Number of patients
Number of events
- Death/MI
Hazard ratios, unadjusted
Hazard ratios, adjusteda
Stratum: 1-vessel disease at coronary CTA
Number of patients
Number of events
- Death/MI
Hazard ratios, unadjusted
Hazard ratios, adjusteda

Stratum: 2-or 3-vessel disease at coronary CTA
Number of patients
Number of events
- Death/MI
Hazard ratios, unadjusted
Hazard ratios, adjusteda
a

215
35 (16.3%)
25 (11.6%)/10 (4.7%)
1.53 (0.81–2.91)
1.08 (0.56–2.07)

Hazard ratios are adjusted for age, gender, smoking status and comorbidity at baseline together with post-test use of antihypertensive and lipid-lowering therapy.

therefore enable risk factor management.3 However, once possible
obstructive CAD is diagnosed with coronary CTA, selective non-invasive
imaging is recommended to avoid unnecessary ICAs due to the low
positive predictive value of coronary CTA and the lack of evidence of a
survival beneﬁt of revascularization over medical treatment in patients
with chronic coronary syndrome.12–14 Consequently, personalized diagnostic strategies are warranted after coronary CTA-proven disease has
been established.
Two studies have demonstrated that intermediate-to-high-risk patients with symptoms suggestive of CAD have similar 1-year clinical
outcomes when randomized to investigative strategies with management
decisions guided either by CMR or ICA-FFR.10,15 Hence, imaging with
selective functional testing in patients without high-risk coronary plaque
features seems attractive as a gatekeeper strategy for ICA. In the present
study, only 20% of patients investigated with MPI after coronary CTA
were referred for ICA, illustrating the impact of MPI as a gatekeeper for
ICA. However, a second non-invasive test introduces further delay of

potential revascularization and the revascularization rate after a hybrid
imaging strategy remained low (34%) in our study compared with that
reported in other studies.4,16
Several studies have demonstrated that conclusions about the hemodynamic effect of coronary stenosis based on MPI and ICA-FFR are
discordant in many patients.8,9,17 These discordances are also present in
up to 30–40% of patients when coronary stenosis is are evaluated based
on FFR and invasively measured coronary ﬂow reserve.18 No studies have
assessed the value of revascularization based on an abnormal FFR in
patients with no myocardial ischemia demonstrated at MPI.
The recently published ISCHEMIA trial assigned patients with moderate or severe ischemia to an initial invasive strategy or to a conservative
strategy with angiography only if medical therapy failed.14 This study did
not ﬁnd evidence that an initial invasive strategy reduced the risk of
myocardial infraction or death. In contrast, we studied patients investigated with an initial strategy of coronary CTA and selective MPI and
demonstrated that patients terminated after MPI had a good prognosis

39

S. Winther et al.

Journal of Cardiovascular Computed Tomography 16 (2022) 34–40

Funding

and a low long-term revascularization rate indicating good medical
symptom management.
Our stratiﬁed analysis showed a tendency towards that patients with
less advanced disease severity had a more favourable outcome when
evaluated with MPI compared to ICA and that patients with advanced
disease had a more favourable outcome when evaluated with ICA.
However, these sub-analyses were based on a relatively low number of
events and showed only differences in patients with quite severe calciﬁcation in whom an invasive strategy reduced the primary endpoint
compared with a non-invasive strategy with selective MPI. These ﬁndings
might be explained by balanced vessel disease, which may not be diagnosed without myocardial blood ﬂow quantiﬁcation or other factors
related to referral bias. Our study was not sufﬁciently powered to
perform further detailed sub-analyses comparing SPECT with PET and
CMR. Additionally, the reduced number of redeemed prescriptions on
lipid-lowering therapy after MPI might have impacted the results.
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Appendix A. Supplementary data

5. Limitations
Supplementary data to this article can be found online at https://do
i.org/10.1016/j.jcct.2021.08.001.

Our study included a large real-world cohort of symptomatic patients
from all hospitals in Western Denmark. Inter-observer and inter-site
variability of post-coronary CTA management entails heterogeneity in
the choice of treatment and diagnostic strategy.
No data regarding the extent of perfusion defects on the MPIs were
available. Nonetheless, all center performing MPI operate according to
national guidelines recommending in general that patients with more
than 10% reversible ischemia are referred to ICA. However, this preclude
us from identifying patients with minor perfusion defects routinely
terminated without ICA.
Due to statistically considerations, our follow-up started 120 days
after coronary CTA to enable classiﬁcation of patients into subgroups
according to MPI, ICA and revascularization procedures performed in
relation to coronary CTA. Hence, we excluded 244 patients with
myocardial infarction and 114 patients dying within the ﬁrst 120 days
after coronary CTA. Among these, only 12 (4.9%) patients with
myocardial infarctions and 2 (1.8%) who died had this early event after
completing the MPI test (Fig. 1). Therefore, it is reasonable to believe that
the prognosis in the early period after coronary CTA was good in the MPI
subgroup and that it is unlikely that exclusion of these patients impacted
the results substantially.
Finally, inherent to the real-world observational design is the risk of
residual confounding between groups. Although we used statistical
methods to adjust for baseline characteristics, CAD severity and postcoronary CTA medical treatment, selection/referral bias might have
impacted the results. Hence, some centers might have used MPI in patients with less pronounced disease. Others in highly selective patients,
who were unsuitable for ICA with revascularization and antiplatelet
therapy.
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6. Conclusion
Using real-world data, this study conﬁrms that clinicians seem to be
able to selected patients for medical treatment or second-line testing with
MPI or ICA accordingly to the patients future risk of death or myocardial
infarction and late revascularization after coronary CTA. In addition, in
patients with an initial coronary CTA and need for further selective
diagnostic testing, patients referred for MPI had a low long-term cardiac
event rates. These results indicate that MPI can be used to safely defer
patient from ICA after a coronary CTA but validation in prospective trials
are needed.
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