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Abstract
Purpose Evidence to date on the unique female determinants of cardiovascular risk is inadequate. Positron Emission
Tomography (PET) is considered to have the highest accuracy for the assessment of myocardial perfusion in patients with
suspected coronary artery disease (CAD), but its long-term prognostic accuracy in women has not been established.
Methods A total of 619 consecutive patients (138 women, mean age 60.0 ± 11.8 years) underwent clinically indicated 13N-
ammonia PET at our institution and were followed up (median 5.7 years) for major adverse cardiovascular events (MACE)
including cardiac death, nonfatal myocardial infarction, hospitalization for any cardiac reason and late revascularization.
Results During follow-up, 271 patients had at least one cardiac event, including 64 cardiac deaths and 33 nonfatal myocardial
infarctions. In both women and men, abnormal myocardial perfusion was associated with reduced event-free survival (log rank
p < 0.001). In women, abnormal myocardial perfusion was associated with a higher risk of a worse outcome than in men
(adjusted HR 4.1, 95%CI 1.8–9.0 in women; HR 2.4, 95%CI 1.5–3.8 in men; pinteraction < 0.001). In contrast, abnormal coronary
flow reserve (CFR) was a significant predictor of 10-year MACE in men (p = 0.006) but not in women (p =NS). Accordingly, an
interaction term of sex and abnormal myocardial perfusion or CFR was significant (p < 0.001).
Conclusion While perfusion findings in 13N-ammonia PET provide effective risk stratification in women and men, CFR adds
incremental prognostic value for long-term cardiac outcomes only in men. Refined strategies in noninvasive imaging are needed
in women to improve CAD risk prediction.
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Introduction

For more than two decades, cardiovascular mortality has been
higher in women than in men, and, while recent declines in
cardiovascular deaths in men have been dramatic, declines are
significantly less in women [1, 2]. Despite considerable scien-
tific advances, there are currently only limited data on the
female-specific aspects of cardiovascular disease. Indeed,

assessment of coronary artery disease (CAD) in women pre-
sents a major challenge as contemporary imaging approaches
for the diagnosis of CAD all have substantial limitations in
women resulting in a lower test accuracy than in men [3–6].
In fact, poor categorization of women as to their pretest CAD
likelihood, technical artefact issues related to breast tissue,
obesity and smaller heart size, greater prevalence of
nonobstructive CAD, poorer exercise capacity and more re-
cent concerns regarding radiation safety all limit accurate as-
sessment of risk in this population [3, 5, 7–9].

Myocardial perfusion imaging (MPI) with 82Rb or 13N-am-
monia positron emission tomography (PET) is less commonly
performed than single-photon emission computed tomography
(SPECT) because of higher costs as well as technical and lo-
gistic challenges associated with these radiotracers. However,
PET has demonstrated excellent properties for the diagnosis of
CAD and its diagnostic accuracy appears to be superior to
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those reported for other imaging modalities [10]. In addition,
the long-term prognostic values of MPI and coronary flow
reserve (CFR) assessed by 13N-ammonia PET have recently
been demonstrated [10–14]. In women, PET MPI has several
advantages over other imaging modalities including its high
spatial and temporal resolution, excellent attenuation correc-
tion, high diagnostic accuracy and a favourable safety profile
with an effective radiation dose of 2–3 mSv as well as the
added value of CFR quantification, all of which may provide
a significant advantage in the evaluation of women with
suspected myocardial ischaemia [10, 15–17]. However, de-
spite substantial literature over the past 25 years, sex-specific
data on the long-term prognostic value of MPI and CFR
assessed by PET are lacking. Given that studies to date have
failed to explore unique female imaging targets as major deter-
minants of cardiovascular risk, the aim of the present study was
to evaluate the long-term prognostic value of 13N-ammonia
PET in women and men with suspected myocardial perfusion
abnormalities. In addition, the potential added value of CFR in
women with and without myocardial ischaemia was assessed.

Materials and methods

Study population

Myocardial perfusion was assessed in 619 consecutive patients
(138, 22%, women) who underwent 13N-ammonia PET be-
tweenAugust 1995 andOctober 2006 at our institution because
of suspicion of CAD. Quantification of CFR was available in a
subpopulation of 229 patients (159 men and 70 women).
Patients were stratified by sex and were assigned to normal or
abnormal myocardial perfusion and/or global CFR for outcome
assessment. In patients with repeat evaluations during the study
period, only the earliest evaluable study was included.
Demographic factors and key elements of each patient’s histo-
ry, including symptoms (typical, atypical or nonanginal chest
pain, shortness of breath), risk factors and medication use, were
ascertained at the time of the study by patient interview and
review of medical records. A prior diagnosis of obstructive
CAD and a history of coronary revascularization were docu-
mented. Pretest CAD likelihood was calculated based on the
patient’s age, sex and typicality of chest pain symptoms [18].
The study population was partly (n = 229 and n = 389) shared
with the PET imaging registry reported elsewhere [13, 14].

Myocardial perfusion 13N-ammonia PET imaging
protocol

All patients underwent 13N-ammonia myocardial perfusion
PET as a 1-day protocol at rest and during adenosine stress
at a standard rate (0.14 mg/min/kg) over 7 min, as previously
described [13, 14]. Patients were asked to avoid caffeine

intake during the 12 h preceding the PET study. The PET
studies were performed on either a GE Advance PET scanner
or a Discovery [LS/RX] PET/CT scanner (both GE
Healthcare, Milwaukee, WI). Each acquisition was preceded
by a CT transmission scan for photon attenuation correction.
13N-Ammonia was intravenously injected (700–900 MBq),
and standardized rest and pharmacological stress imaging pro-
tocols were performed according to the American Society of
Nuclear Cardiology guidelines [19].

Data reconstruction and image analysis

Images were reconstructed using filtered back projection, and
for review the images were resliced into short-axis and vertical
and horizontal long-axis orientations. Rest and stress images
were visually scored using the 17-segment scoring system,
and the percentage of abnormal myocardium during stress
was determined from the summed stress score. A scan was
considered normal if the summed stress score was <4 as pre-
viously reported [14]. Images were interpreted by two inde-
pendent and experienced readers blinded to the clinical data.
Divergent interpretations were resolved by consensus. The
PMOD software package (versions 2.1 to 2.8; PMOD
Technologies Ltd., Zurich, Switzerland) was used to quantify
myocardial blood flow (MBF) by determining myocardial and
blood pool time–activity curves corrected for radioisotope de-
cay from the dynamic frames. MBF was estimated by model
fitting of the blood pool and myocardial time–activity curves
correcting for the partial volume effect and spillover, as pre-
viously described [14]. Although correcting baseline MBF for
rate–pressure product (RPP), a parameter reflecting cardiac
workload, has been shown to reduce variability in baseline
MBF measurements in some studies [20], we did not normal-
ize baseline MBF to RPP as this parameter was not retrieved
in our patient sample. Per-patient global CFR was calculated
as the ratio of stress to rest absolute MBF for the whole left
ventricle and CFR >2.0 was considered normal [21].

Assessment of outcomes

Information on follow-up was obtained by telephone interview
with the patient or a family member, from medical records and
from the referring physician. Patients were followed for the
occurrence of all-cause mortality and major adverse cardiac
events (MACE) including cardiac death, nonfatal myocardial
infarction, hospitalization for any cardiac reason and late revas-
cularization. Patients who underwent early revascularization
(within 60 days of 13N-ammonia PET) were excluded since
these revascularizations may be considered to be triggered by
the scan rather than to reflect the natural course of the disease.
All patients were followed for a median of 5.8 years (interquar-
tile range 3.9 to 7.4 years) for CAD-related events. Cardiac
death was defined as fatal myocardial infarction, sudden
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cardiac death or death due to heart failure. All other deaths were
categorized as all-cause deaths. The date of the last examination
or consultation was used to determine follow-up.

Statistical analysis

Baseline characteristics are reported as rates with percentages
for categorical variables and means with standard deviations
for continuous variables. Clinical and anthropometric vari-
ables were compared between groups using the unpaired
Student’s t test or the chi-squared test, as appropriate. For
clinical convenience, CFR was displayed as a dichotomous
variable using ≤2 as a cut-off value for an impaired ratio.
The time to cardiac events was estimated using a Cox propor-
tional hazards survival model, including assessment of univar-
iate and multivariate associations between PET imaging vari-
ables and CAD mortality. The effect size of CFR on cardiac
mortality was evaluated in a subgroup of 226 patients by con-
structing Cox proportional hazard models including CFR as a
dichotomous predictor variable. Adjusted hazard ratios (HRs)
with 95% confidence intervals (CIs) are reported. The multi-
variate model covariates included age, body mass index

(BMI) and cardiovascular risk factors. To avoid overfitting,
a history of CAD was not included in the multivariate model,
as evidence of fixed or scarred myocardium would be sum-
marized within the abnormal scan variable. A first-order inter-
action term of sex by abnormal perfusion or abnormal CFR
was included in the model. Cumulative event-free survival
curves for the primary MACE endpoint of cardiovascular
death, nonfatal myocardial infarction, late revascularization
and hospitalization for cardiac reasons were compared across
dichotomous categories of impaired myocardial perfusion or
CFR using Kaplan-Meier methodology and the log-rank test.
A two-tailed p value of 0.05 was considered statistically sig-
nificant. SPSS version 24.0 (IBM Corp., Armonk, NY) was
used for all statistical analyses.

Results

Patient characteristics stratified by sex

A total of 619 consecutive patients (138 women; mean age
60.1 ± 11.2 years in men and 59.4 ± 13.9 years in women)

Table 1 Characteristics of the
study population by sex Demographics Women (n = 138) Men (n = 481) p value

Age (years), mean ± SD 59.4 ± 13.9 60.1 ± 11.2 0.6

Body mass index (kg/m2), mean ± SD 25.8 ± 4.8 27.2 ± 4.5 0.002

Hypertension, n (%) 79 (58.1) 296 (62.6) 0.3

Smoking, n (%) 55 (40.4) 326 (68.2) <0.001

Diabetes, n (%) 21 (15.9) 122 (25.7) 0.01

Dyslipidaemia, n (%) 76 (55.9) 352 (73.9) <0.001

Family history of CAD, n (%) 69 (53.1) 227 (48.7) 0.4

Previous MI, n (%) 35 (25.4) 260 (54.1) <0.001

Previous CABG, n (%) 24 (17.4) 162 (33.7) 0.001

Previous PCI, n (%) 26 (18.8) 146 (30.4) 0.024

Angina symptoms (CCS class ≥2), n (%) 18 (13) 39 (8.1) 0.08

Dyspnoea (NYHA functional class ≥2), n (%) 14 (10.1) 24 (5) 0.026

Medication

Platelet inhibitor 13 (9.4) 40 (8.3) 0.7

Anti-ischaemic agents 8 (5.8) 32 (6.7) 0.7

Lipid-lowering agents 8 (5.8) 23 (4.8) 0.6

Framingham risk (%), mean ± SD 9.2 ± 5.5 18.1 ± 11.7 <0.001

Events during follow-up

Cardiac death, n (%) 8 (5.8) 56 (11.7) 0.046

Death, n (%) 16 (11.7) 93 (19.4) 0.042

Revascularization (PCI), n (%) 18 (13.1) 81 (16.9) 0.36

Revascularization (CABG), n (%) 10 (7.3) 47 (9.8) 0.50

Myocardial infarction, n (%) 4 (2.9) 29 (6.0) 0.20

Hospitalization for cardiac cause, n (%) 22 (16.1) 94 (19.6) 0.39

CAD coronary artery disease,MImyocardial infarction, PCI percutaneous coronary intervention,CABG coronary
artery bypass grafting,CCS Canadian Cardiovascular Society grading of angina pectoris, NYHA New York Heart
Association
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underwent clinically indicated 13N-ammonia PET at our insti-
tution. Of these patients, 75% had previously been diagnosed
with CAD. Accordingly, the average Framingham risk in our
study population was 16.3% (9.2% in women, 18.1% in men,
p < 0.001). Men had a higher BMI, were more often smokers,
more often had dyslipidaemia or diabetes and more often had
a prior myocardial infarction and/or revascularization, while
women were more often symptomatic, with symptoms includ-
ing angina (CCS class ≥2: 13% vs. 8.1%, p = 0.08) and dys-
pnoea (NYHA ≥2: 10.1% vs. 5%, p = 0.026; Table 1).
Notably, women more often reported atypical chest pain than
men (12.3% vs. 6.0%, p = 0.002). The age difference between
men and women was not significant (NS). Baseline character-
istics of the study population are presented in Table 1.

Myocardial perfusion findings

In the overall population, the uptake of 13N-ammonia was nor-
mal in 152 patients and abnormal in 461 patients. Women had a
higher prevalence of reversible perfusion defects during stress
(16.8% vs. 8.3% in men, p = 0.004). Conversely, perfusion
defects at rest were more often found in men (41.7% vs.
18.2% in women, p < 0.001). In a subgroup of 229 patients in
whom CFR values were available, CFR was found to be ab-
normal (≤2.0) in 116 (50.7%). Abnormal CFR ≤2.0 was detect-
ed in 42.9% of women and 54.1% of men (p = 0.12). Overall,

baseline MBF and stress MBF values were higher in women
than in men (0.98 ± 0.22 mL/min/g vs. 0.83 ± 0.28 mL/min/g,
p < 0.001, and 2.33 ± 0.89mL/min/g vs. 1.75 ± 0.70mL/min/g,
p = 0.001, respectively). Accordingly, CFR was slightly higher
in women than in men (2.42 ± 0.96 vs. 2.17 ± 0.80, p = 0.036).
In patients with a normal myocardial perfusion scan, abnormal
CFR was observed in 38.5% of women (n = 20) and 39.2% of
men (n = 20).

Clinical endpoints by sex and myocardial perfusion
13N-ammonia PET

During follow-up, 271 patients had at least one cardiac event,
including 64 cardiac deaths and 33 nonfatal myocardial infarc-
tions (Table 1). Accordingly, the cumulative 10-year event
rate was 42.7% for MACE (i.e. cardiac death, nonfatal myo-
cardial infarction, hospitalization for any cardiac reason and
late revascularization), 5.1% for nonfatal myocardial infarc-
tion, 10.1% for cardiac death, and 17.2% for all-cause mortal-
ity. In detail, 5.8% of women and 11.7% of men died from
cardiac causes (p = 0.046), while a nonfatal myocardial infarc-
tion occurred in 2.9% of women and 6.0% of men (p = 0.20,
Table 1). Of women with abnormal myocardial perfusion,
25% experienced a MACE, while the cumulative 10-year
MACE rate was very low in women with normal myocardial
perfusion on 13N-ammonia PET (6.6%, p < 0.001 vs. women

Fig. 1 a Cumulative 10-year incidence of MACE in patients with
abnormal myocardial perfusion. b Cumulative 10-year incidence of
death and/or myocardial infarction in patients with abnormal
myocardial perfusion. c Cumulative 10-year incidence of MACE in
patients with abnormal CFR. d Cumulative 10-year incidence of

MACE in patients with normal myocardial perfusion and abnormal
CFR. CFR coronary flow reserve, MACE major adverse cardiac event,
MImyocardial infarction. The chi-squared test was used for evaluation of
differences between groups
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with abnormal myocardial perfusion; Fig. 1a). Similarly, of
men with abnormal myocardial perfusion, 42.3% experi-
enced a MACE during the 10-year follow-up, while a
MACE was observed in only 5.0% of men with normal
myocardial perfusion (p < 0.001 vs. abnormal myocardial
perfusion; Fig. 1a). In patients with abnormal myocardial
perfusion, 23.5% of men and 10.9% of women experienced
a myocardial infarction or died during follow-up, while
these events occurred in 3.5% of men and 4.4% of women)
with normal myocardial perfusion (Fig. 1b). Abnormal
CFR was associated with a higher rate of MACE in men
(13.2% vs. 27.0%, p = 0.007) but not in women (7.1% vs.
11.4%, p = 0.23; Fig. 1c). Accordingly, a higher rate of
MACE was observed in men with normal myocardial per-
fusion and abnormal CFR (5.9% vs. 11.8%, p = 0.05; Fig.
1d), but not in women (9.6% vs. 5.8%, p = 0.31). The lack
of risk stratification by CFR in women persisted when dif-
ferent threshold values for abnormal CFR (1.5–2.5) were
applied (data not shown).

Kaplan-Meier survival curves showed shorter times to
MACE (event-free survival) in both women and men with
abnormal myocardial perfusion scans (log rank p < 0.001,
vs. normal myocardial perfusion; Fig. 2a, b). Similar tenden-
cies were observed for the combined endpoint of myocardial
infarction and death (log rank p = 0.005 for men and p = 0.022
for women, vs. normal myocardial perfusion; Fig. 2c, d) and
when patients with prior myocardial infarction were excluded
from the analysis (log rank p < 0.001 for men and women, vs.
normal myocardial perfusion, data not shown). In contrast,
shorter times to MACE and cardiac death (event-free
survival) were observed in men with abnormal CFR, but not
in women (for MACE, log rank p = 0.005 in men and p = 0.17
in women; and for cardiac death, log rank p = 0.001 and p =
0.53 in women, vs. normal CFR; Fig. 3a, b for MACE, and
data not shown for cardiac death). Similarly, the time to the
combined endpoint of myocardial infarction and death was
shorter in men with abnormal CFR (log rank p = 0.016, vs.
normal CFR; Fig. 3c), while no such risk stratification was

Fig. 2 Kaplan-Meier curves (unadjusted) inmen (left) andwomen (right) for the occurrence ofmajor adverse cardiac events (MACE) (a, b) or death and/
or myocardial infarction (MI) (c, d) in patients with normal versus abnormal myocardial perfusion
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seen in women (log rank p = 0.2, vs. normal CFR; Fig. 3d).
The results were not significantly different when patients with
prior myocardial infarction were excluded from the analysis
(log rank p < 0.001 in men and p = 0.5 in women, data not
shown).

As previous studies had indicated that absolute MBF dur-
ing stress might be superior to CFR for the evaluation of
cardiovascular risk [22], we stratified data by peak stress
MBF (cut-off value 2.0 mL/min/g). Kaplan-Meier curves
showed significantly shorter times to MACE (event-free
survival) both in the overall population and in men with a
stress MBF ≤2.0 mL/min/g (log rank p = 0.001 for the overall
population and p = 0.007 for men, vs. stress MBF >2.0 mL/
min/g; Fig. 4a, b). This risk stratification by stress MBF, how-
ever, was not observed in women (log rank p = 0.26 for stress
MBF >2.0 mL/min/g vs. stress MBF ≤2.0 mL/min/g; Fig. 4c).
In patients with normal perfusion, CFR did not allow predic-
tion of events in the overall population (log rank p = 0.23;
Fig. 5a) as the curves converged after 3 years of follow-up.

However, when the data were stratified by sex, a significantly
shorter time to MACE was observed in men with abnormal
CFR, but not in women (log rank p = 0.031 for men and p =
0.7 for women; Fig. 5b, c).

Prognostic value of 13N-ammonia PET in women
and men

Univariate and multivariate Cox regression analyses were per-
formed to test the independence of the associations between
13N-ammonia PET findings and clinical endpoints at 10 years
follow-up in women and men with adjustment for potential
confounders (cardiovascular risk factors and left ventricular
ejection fraction, LVEF). In unadjusted and adjusted models,
abnormal myocardial perfusion assessed by 13N-ammonia
PETwas a strong predictor of 10-year MACE in both women
and men (in women, adjusted HR 4.1, 95% CI 1.8–9.0, p =
0.001; in men, HR 2.4, 95% CI 1.5–3.8, p < 0.001; Table 2).
The predicted risk of abnormal perfusion was higher in

Fig. 3 Kaplan-Meier curves (unadjusted) inmen (left) andwomen (right) for the occurrence ofmajor adverse cardiac events (MACE) (a, b) or death and/
or myocardial infarction (MI) (c, d) in patients with normal versus abnormal coronary flow reserve (CFR)
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women than in men (pinteraction < 0.001). The addition of CFR
to the model allowed further risk stratification in men, but not
in women, for the full follow-up of 10 years (in men, adjusted
HR 6.2, 95% CI 1.2–31.0, p = 0.029; in women, adjusted HR
0.2, 95% CI 0.2–3.9, p =NS; Table 2). Similarly, abnormal
CFR alone as quantified by 13N-ammonia PET predicted th
e10-year risk of MACE in men, but not in women (in men,
adjusted HR 2.1, 95% CI 1.2–3.6, p = 0.006; in women, ad-
justed HR 2.0, 95% CI 0.6–6.7, p = NS; Table 2).
Accordingly, in the unstratified dataset, a first-order interac-
tion term of sex and abnormal myocardial perfusion or abnor-
mal CFR was significant (p = 0.001 for abnormal myocardial
perfusion, and p = 0.004 for CFR), confirming that the effect
of CFR or myocardial perfusion is influenced by sex. The Cox

proportional hazards survival models for 13N-ammonia PET
findings estimating CAD mortality in women and men are
presented in Table 2.

Discussion

Our study is the first to investigate the prognostic value of
13N-ammonia PET MPI in a sex-stratified population with a
follow-up of 10 years. Our data illustrate that perfusion find-
ings of 13N-ammonia PET provide independent long-term
prognostic value in women and men, while the addition of
CFR adds further risk stratification only in men. Indeed, wom-
en with a normal perfusion study on 13N-ammonia PET had

Fig. 4 Kaplan-Meier curves (unadjusted) for the occurrence of major adverse cardiac events (MACE) in patients with high and low peak stress
myocardial blood flow (MBF, >2.0 mL/min/g and ≤2.0 mL/min/g, respectively): a entire study population, b only men, c only women

Fig. 5 Kaplan-Meier curves (unadjusted) for the occurrence of major adverse cardiac events (MACE) in patients with normal myocardial perfusion and
normal versus abnormal coronary flow reserve (CFR): a entire study population, b only men, c only women
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an excellent prognosis as evidenced by a low cumulative
MACE rate of 6.6% for the whole 10-year period, while event
rates were slightly lower in men (5.0% for MACE). The ob-
served event rates are well within the range of previously
reported annualized values of 1.6% to 1.8% for MACE in
patients with normal SPECT and PET scans, confirming that
the present study included a representative patient population
[17, 23]. Given the high prevalence (74.8%) of CAD in our
population, our data indicate that normal perfusion PET may
reliably exclude an adverse outcome even in the presence of
coronary lesions. Conversely, abnormal myocardial perfusion
was associated with adjusted HR for MACE of 4.1 in women
and 2.4 in men, and cumulative 10-yearMACE rates of 25.5%
and 42.3%, respectively. Of note, in previous studies, annual-
ized MACE rates have ranged widely in women with docu-
mented ischaemia, indicating that risk correlates that are un-
detected by contemporary imaging modalities may contribute
to the varying clinical event rates observed in women [17, 24,
25].

Our data confirm previous evidence derived from SPECT
studies, showing that MPI is able to effectively risk stratify
women [26, 27]. Similarly, in a recent 82Rb PET study [17],
abnormal stress perfusion was found to be independently pre-
dictive of cardiovascular mortality in women and men after a
median follow-up of 2.2 years. Notably, in our study, survival
curves continued to diverge over the entire 10-year follow-up
period underlining the strong power of 13N-ammonia PET
MPI to predict the long-term natural course of CAD in women
and men. In addition, while previous studies have shown in-
creased risk of cardiac events predominantly in patients with
large and severe MPI defects, we found that 13N-ammonia
PET perfusion defects were predictive regardless of size and
severity of the perfusion abnormality.

One distinct advantage of stress PET MPI is the ability to
calculate absolute blood flow across the coronary vessels,

which allows calculation of PET CFR. Damped CFR suggests
underlying vascular dysfunction and may aid in the detection
of microvascular CAD, which may be particularly helpful in
the evaluation of women with more prevalent nonobstructive
CAD. However, in this study, while perfusion defects were an
excellent predictor of adverse cardiovascular events in wom-
en, there was a significant influence of sex on the predictive
power of CFR. In fact, CFR did not further stratify risk in
women beyond PETMPI findings. This finding contrasts with
the results of a recent study by Murthy et al. [28]. In their
study, CFR predicted MACE in 813 women with no previous
history of CAD and normal PETMPI during a median follow-
up of 1.3 years [28]. However, it is difficult to compare our
results and those of previous studies because inclusion criteria
and follow-up times differ substantially across our studies.
Indeed, we have previously shown that the predictive value
of CFR as assessed by 13N-ammonia PET is maintained only
over 3 years of follow-up, while survival curves converge
during the following years, suggesting that normal CFR can-
not predict disease onset in the long term [14]. We now extend
this observation to a sex-stratified population by demonstrat-
ing that CFR predicts 10-year risk in men, but not in women.

The mechanisms relating to the lack of long-term prognos-
tic value of CFR in women cannot be determined from our
study and are likely to be multifactorial. For example, a higher
resting coronary flow in women than in men has been widely
reported, indicating that sex-specific normative values of CFR
might be needed to reliably predict risk in both sexes [29–32].
However, when different threshold values for abnormal CFR,
ranging from 1.5 to 2.5, were applied in the present study, the
lack of risk stratification by CFR in women persisted. In ad-
dition, because absolute stress MBF had been suggested to be
superior to CFR in the detection of CAD, we also stratified
data by peak stress MBF [22]. Notably, while stress MBF
≤2 mL/min/g was associated with an increased event-rate in

Table 2 Risk estimates for 10-
year MACE in men and women
from the univariate and multivar-
iate Cox regression analyses

Predictor Univariate Multivariate

HR 95% CI p value pinteraction HR 95% CI p value pinteraction

Abnormal CFR

Women 1.8 0.6–5.6 NS <0.001 2.0 0.6–6.7 NS 0.001
Men 2.0 1.2–3.4 0.008 2.1 1.2–3.6 0.006

Abnormal perfusion

Women 4.8 2.3–9.9 <0.001 <0.001 4.1 1.8–9.0 0.001 0.001
Men 2.5 1.6–3.8 <0.001 2.4 1.5–3.8 <0.001

Normal perfusion and abnormal CFR

Women 0.7 0.2–3.2 NS 0.066 0.8 0.2–3.9 NS 0.043
Men 4.1 1.0–16.6 0.046 6.2 1.2–31.0 0.029

Abnormal perfusion and/or abnormal CFR

Women 1.6 0.5–4.7 NS <0.001 1.6 0.5–5.3 NS 0.004
Men 2.6 1.2–5.7 0.017 2.2 1.0–5.0 0.058

HR hazard ratio, CI confidence interval,MACEmajor adverse cardiovascular events, CFR coronary flow reserve
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men, it did not predict cardiovascular risk in women, indicat-
ing that variables other than sex differences in baseline MBF
may alter risk prediction in women. Indeed, sex-related differ-
ences in autonomic regulation [33, 34] and in responses to
adenosine [35] as well as a higher susceptibility to stress-
induced ischaemia [36] have all been reported in women,
and may alter CFR quantification and risk stratification in
unpredictable ways.

In addition, microvascular dysfunction is at least partly re-
versible and might be used to guide interventions aimed at
reducing the burden of risk factors [37, 38]. Thus, sex differ-
ences in early treatment strategies based on 13N-ammonia PET
findings might have influenced long-term prognosis in our
population. Indeed, in this study the MACE rate in the first
year was 4.5-fold higher in women with abnormal MPI than
subsequent event rates (vs. 2.1-fold in men), suggesting that
PETMPI findings play an important role in decisionmaking in
women. In contrast to our observations in women, abnormal
CFR was a significant and independent predictor of MACE in
men. Indeed, CFR improved risk stratification in men not only
independently of perfusion findings, but also among those with
visually normal PETscans.While previous studies have shown
similar tendencies in populations without sex stratification and
during shorter follow-up times (<3 years), in this study the
predictive value of CFR in men was maintained to the end of
the 10-year follow-up period [21, 39]. This suggests that im-
paired CFR may reflect extension of the disease beyond the
epicardial coronary vessels down to the microcirculation,
which indicates a more advanced disease stage.

Some limitations of our analyses merit consideration. First,
our study was a single-centre retrospective study with a limit-
ed number of patients and was subject to all of the limitations
of this study design. Accordingly, we were only able to adjust
for a limited number of potential confounding variables in the
survival analyses. Thus, it is likely that some residual con-
founding remains, despite adjustment for clinically relevant
covariates. Similarly, we did not apply a semiquantitative
measure of perfusion abnormality, such as scores for size
and severity. These methods, however, have become very
popular only over the past few years and were therefore not
available for most of our scans that were acquired many years
ago. Second, a limitation of the present study may be the use
of global and not regional CFR, as regional findings may be
diluted in the global value. However, global CFR values rep-
resent an integration of both extent and severity of perfusion
defects, and the repeatability and reproducibility of global
CFR are substantially superior to those of regional CFR
[40]. Third, rest MBF measurements in our study were not
normalized to RPP. The latter, however, has been shown to
reduce heterogeneity of this variable within and between in-
dividuals in some studies [20]. Nevertheless, previous work
has demonstrated excellent reproducibility and low variability
of rest MBF as assessed by 13N-ammonia or 82Rb PET in

patients with and without CAD, and the latter does not signif-
icantly change after correction for RPP [40–42]. Similarly, sex
differences in baseline MBF have been shown to persist after
correction for RPP, indicating that other variables account for
the higher baseline MBF observed in women [31]. Fourth,
while our unselected study population comprised patients with
a high prevalence of CAD (>70%), and therefore reflected a
real-world scenario, the populations investigated in previous
studies included lower proportions of patients with CAD [17,
21]. Finally, given that our sample comprised patients seen in
daily clinical routine, the results of the 13N-ammonia PET
study were communicated to the referring physician. Thus, a
bias caused by subsequent treatment decisions based on the
MPI data cannot be completely ruled out in our study.

Taken together, our study indicates that risk stratification
based on the presence or absence of abnormal perfusion as
assessed by 13N-ammonia PET provides incremental long-
term prognostic value in women and men, while CFR does
not further delineate this classification in women. Our data
underscore the limitations of contemporary imaging modali-
ties in women and emphasize the need for further research to
identify imaging targets reflecting female anatomy and phys-
iology. Given the sizeable gap in the prognosis of CAD be-
tween women and men, integrated, sex-specific diagnostic
strategies are needed to achieve sex equality in cardiovascular
risk prediction.
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