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Aims Patients with left ventricular systolic dysfunction frequently show abnormal coronary vascular function, even in the
absence of overt coronaryartery disease. Moreover, the severityof vascular dysfunction might be related to the aetiology
of cardiomyopathy.

We sought to determine the incremental value of assessing coronary vascular dysfunction among patients with ischae-
mic (ICM) and non-ischaemic (NICM) cardiomyopathy at risk for adverse cardiovascular outcomes.

Methods
and results

Coronary flow reserve (CFR, stress/rest myocardial blood flow) was quantified in 510 consecutive patients with rest left
ventricular ejection fraction (LVEF) ≤45% referred for rest/stress myocardial perfusion PET imaging. The primary end
point was a composite of major adverse cardiovascular events (MACE) including cardiac death, heart failure hospitaliza-
tion, late revascularization, and aborted sudden cardiac death.

Median follow-up was 8.2 months. Cox proportional hazards model was used to adjust for clinical variables. The annual-
ized MACE rate was 26.3%. Patients in the lowest two tertiles of CFR (CFR ≤ 1.65) experienced higher MACE rates than
those in the highest tertile (32.6 vs. 15.5% per year, respectively, P ¼ 0.004), irrespective of aetiology of cardiomyopathy.

Conclusion Impaired coronary vascular function, as assessed by reduced CFR by PET imaging, is common in patients with both
ischaemic and non-ischaemic cardiomyopathy and is associated with MACE.
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Introduction
Accurate characterization of the aetiology of left ventricular systolic
dysfunction and risk stratification are important goals in the

management of patients with heart failure (HF). Clinically, patients
are classified as having ischaemic or non-ischaemic left ventricular
systolic dysfunction based on a history of myocardial infarction
and/or objective evidence of coronary artery disease (CAD) on
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angiography. However, the severity of left ventricular dysfunction
and remodelling is often out of proportion to the severity of angio-
graphic CAD. This is compounded by the fact that many patients
without angiographic CAD present with typical angina, not infre-
quently, show regional wall motion and/or myocardial perfusion ab-
normalities on non-invasive imaging studies. This suggests that
structural and/or functional abnormalities downstream from the epi-
cardial coronary arteries may contribute to symptoms, cardiac func-
tion, and prognosis. Abnormal coronary flow reserve, an integrated
measure of the haemodynamic effects of epicardial coronary athero-
sclerosis and microvascular dysfunction/remodelling, is frequently
found in patients with cardiomyopathy even in the presence of angio-
graphically normal coronary arteries1–4 and is associated with
increased riskof adverse ventricular remodelling independent of clinic-
al severity of HF.5,6

In this study, we tested the hypothesis that the severity of global
coronary vascular dysfunction may differ based on aetiology of car-
diomyopathy and is associated with clinical outcomes independently
of traditional clinical and imaging risk markers. We used positron
emission tomography (PET) to quantify coronary blood flow and
flow reserve in a large cohort of patients with ischaemic and non-
ischaemic cardiomyopathy.

Methods

Study population
Consecutive patients referred to the Brigham and Women’s Hospital
between January 2006 and June 2010 for rest/stress myocardial perfusion
PET were included if they had a resting left ventricular ejection fraction
(LVEF) ≤45% by two-dimensional transthoracic echocardiogram
within 90 days of the index PET scan. The study was approvedby the Part-
ners Healthcare Institutional Review Board and conducted in accordance
with institutional guidelines.

PET imaging
Myocardial perfusion PET imaging was performed on a whole-body
PET-CT scanner (Discovery RX or STE LightSpeed 64, GE Healthcare,
Milwaukee, WI, USA) after an overnight fast. Patients were instructed
to refrain from caffeine- and methylxanthine-containing substances for
24 h prior to their scans. Myocardial blood flow (MBF) was measured
during rest and peak stress with rubidium-82 as a perfusion tracer, and
adenosine, regadenoson, or dipyridamole as the stress agent, as
described previously.7 Heart rate, blood pressure, and 12-lead ECG
were recorded at baseline and every minute during and after pharmaco-
logical stress.

Image analysis and interpretation
Myocardial perfusion
Semi-quantitative 17-segment visual interpretation of the summed myo-
cardial perfusion images was performed using a standard 5-point scoring
system (0–4), as described previously.7 Summed rest and stress scores
were calculated as the sum of individual segmental scores, and their dif-
ference was recorded as summed difference score. Summed rest,
stress, and difference scores were converted into percentages of total
myocardium by dividing each score by the maximum possible score
(i.e. 68).

Quantitative myocardial blood flow and flow reserve
Absolute MBF (mL/g/min) was computed from dynamic rest and stress
imaging series using previously validated commercially available software
(Corridor4DM; Ann Arbor, MI).8 Briefly, factor analysis was used to gen-
erate blood pool and tissue time-activity curves. Global rest and peak
stress MBFs were calculated using a two-compartment tracer-kinetic
model, as described previously. Per-patient global CFR was calculated
as the ratio of absolute MBFat stressover rest. Fouroperators performed
quantification of MBF without knowledge of aetiology; the intraclass cor-
relation coefficient for CFR among these four readers was 0.94 [95%
confidence interval (CI), 0.88–0.98].

Definition of the aetiology of cardiomyopathy
The aetiology of cardiomyopathy was adjudicated by two cardiologists
blinded to the coronary flow reserve data. Blinded adjudication used his-
torical data, results of non-invasive imaging tests and coronary angiog-
raphy, and physicians’ notes to classify patients into two groups.
Consistent with Felker9 criteria, patients were defined as having non-
ischaemic cardiomyopathy if there was no prior history of coronary
revascularization and/or myocardial infarction and they had either a
normal myocardial perfusion PET study (summed stress score ,3), or
they had acoronaryangiogram without evidence of obstructive coronary
artery stenosis in more than one vessel. If subjects had evidence of multi-
vessel obstructive coronary artery stenosis or significant ischaemia or
scar on PET (summed stress score ≥3), they were characterized as
ischaemic cardiomyopathy.

Assessment of outcomes
The primaryoutcome was the first occurrence of a major adverse cardio-
vascular event (MACE)—a composite end point that included cardiac
death, HF hospitalization, aborted sudden cardiac death (SCD), and
late revascularization. Patients who died of non-cardiac causes were cen-
sored at the time of death.MACE was adjudicated by manual chart review
by three cardiologists. Differences between reviewers were resolved by
consensus. Detailed definitions used for adjudication of major adverse
events are provided in Supplementary data online, Methods.

Cardiac death
Vital status of all patients was ascertained by integrating data from the
Social Security Death Index (SSDI), the National Death Index (NDI),
and Partners Healthcare Research Patient Data Repository (RPDR), as
described previously.

HF hospitalization
For hospitalization events to be classified as due to HF, the event had to
meet all of the following criteria: (i) the patient was admitted to the hos-
pital for a primary diagnosis of HF, (ii) the patient presented with new or
worsening symptoms due to HF on presentation, (iii) the patient had ob-
jective evidence of new or worsening HF, and (iv) the patient received ini-
tiation or intensification of treatment specifically directed at HF.

Aborted SCD
Implantable cardioverter defibrillator (ICD) therapies within 12 months
after the index PET scan were categorized by reviewing all stored ICD in-
ternal electrograms of suspected VT/VF episodes to verify their ventricu-
larorigin. The episodes were identified in terms of cycle lengths recorded
by the ICD and were also manually checked by examining the printout
electrograms. Aborted SCD was defined by delivery of an appropriate
ICD shock or anti-tachycardia pacing for ventricular tachycardia or fibril-
lation. Inappropriate ICD therapy was defined as a discharge triggered by
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sinus tachycardia, supraventricular tachycardia, atrial fibrillation, or
device malfunction.

Late revascularization
All revascularization procedures≥90 days from the index PET scan were
adjudicated and included as MACE.

Statistical analysis
Statistical significancewas assessedusing theWilcoxon, Fisherexact, andx2

tests for continuous, dichotomous, and categorical variables, respectively.
Two-sidedvaluesofP , 0.05wereconsidered significant. All statistical ana-
lyses were performed with SAS 9.3 (SAS Institute Inc., Cary, NC, USA).

Survival modelling
Survival analysis was conducted using Kaplan–Meier analysis. Because
some patients experienced multiple events, for each analysis follow-up

was censored at the first relevant event. Nested Cox proportional
hazards models were generated to evaluate the incremental prognostic
value of coronary flow reserve beyond clinical covariates and imaging
variables. Because of high collinearity between end-diastolic and end-
systolic volume indices, only the former was included in models as it
resulted in greater improvement in model fit. Incremental prognostic
value was evaluated by the global x2 statistic, c-index, and net reclassifi-
cation improvement.10 –12

Results

Patient characteristics
A total of 510 patients met inclusion criteria and were followed for a
median of 8.2 months (IQR 2.7–18.7 months). Complete follow-up
was obtained for 94% of patients. Baseline characteristics are provided
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Table 1 Patient characteristics

Variable HF aetiology (n 5 510) P-value

Ischaemic Non-ischaemic
n 5 382 (74.9) n 5 128 (25.1)

Demographics

Age (years) 70.2 (61.5–78.2) 65.4 (55.4–75) 0.0003

Male 306 (80.1) 70 (54.7) ,0.0001

BMI 26.6 (23.7–30.8) 27.4 (22.3–32.3) 0.6

CV risk factors

Hypertension 337 (88.2) 104 (81.3) 0.05

Dyslipidaemia 308 (80.6) 60 (46.9) ,0.0001

Diabetes mellitus 181 (47.4) 36 (28.1) 0.0001

Prior history

Family history 101 (26.4) 21 (16.4) 0.02

Coronary artery disease 345 (90.3) 30 (23.4) ,0.0001

Prior myocardial infarction 186 (48.7) 11 (8.6) ,0.0001

Prior revascularization 259 (67.8) 0 (0.0) ,0.0001

Medications

ACE-I/ARB 197 (51.6) 69 (53.9) 0.65

Beta blocker 307 (80.4) 83 (64.8) ,0.001

Diuretic 221 (57.9) 62 (48.4) 0.07

Reason for PET study

Chest pain 109 (28.5) 43 (33.6) 0.31

Dyspnoea 139 (36.4) 58 (45.3) 0.08

Pre-op evaluation 65 (17.0) 10 (7.8) 0.01

Laboratory data

BNP 611 (217–1238) 709 (287–1748) 0.34

GFR (MDRD) 57.5 (38.4–77.1) 56.5 (33.1–80.9) 0.91

Imaging findings

LVEF % 33 (25–39) 36 (29–42) 0.004

ESVI 59.8 (44–83.6) 50.9 (38.7–72.6) 0.007

Rest MBF 0.77 (0.62–1.02) 0.87 (0.69–1.15) 0.006

Peak MBF 1.07 (0.83–1.45) 1.49 (1.11–1.92) ,0.0001

Global CFR 1.33 (1.07–1.71) 1.67 (1.36–2.08) ,0.0001

SSS (% myocardium) 25 (13.2–36.8) 0 (0–2.9) ,0.0001

BMI, body mass index; ACE-I, angiotensin-converting enzyme-inhibitor; ARB, angiotensin receptor blocker; BNP, B-type natriuretic peptide; GFR, glomerular filtration rate;
ESVI, end-systolic volume index; SSS, summed stress score.
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inTable1.Medianagewas67.3years,withmencomprising73.7%of the
study population. Ischaemia was the predominant cause of cardiomy-
opathy, accounting for 382 patients (74.9%). Baseline cardiovascular
risk factors such as hypertension, dyslipidaemia, and diabetes mellitus
were higher among patients with ICM compared with NICM. Patients
with ICM had lower mean LVEF (32.1 vs. 34.7%, P , 0.01) and higher
scar burden (26.0 vs. 2.1% myocardium, P , 0.0001).

Myocardial blood flow and coronary flow
reserve
Patients with ICM had a trend for lower MBF at rest compared
with NICM (0.87+ 0.47 vs. 0.95+0.38 mL/min/g, respectively,
P ¼ 0.08) and significantly lower blood flow during peak stress
(1.20+ 0.56 vs. 1.65+0.77 mL/min/g, respectively, P , 0.0001).
Mean CFR was significantly lower among patients with ICM com-
pared with those with NICM (1.46+ 0.59 vs. 1.82+ 0.73, respect-
ively, P , 0.0001, Figure 1). Overall, 417 patients (81.8%) had
abnormal CFR (,2.0). Abnormal CFR was more prevalent in
patients with ICM (85.1%) than in those with NICM (71.9%) (P ¼
0.001), but occurred in the majority of patients in each group. We
found that in multivariable models containing age, gender, hyperten-
sion, dyslipidaemia, tobacco use, diabetes, family history of CAD,
prior CAD, prior PCI, prior CABG, and medications (beta blockers,
ACE inhibitors/ARBs, and diuretics), ischaemic HF aetiology remained
associated with lower stress MBF (b ¼ 20.29; P ¼ 0.002) and CFR
(b ¼ 20.28; P ¼ 0.003) but not resting MBF (P ¼ 0.45).

Relationship between coronary flow reserve abnormalities
and symptoms
CFR was abnormal (,2.0) in 77.5% of the 152 patients with chest
pain. Among patients with chest pain, CFR was quantitatively lower
in patients with ICM than those with NICM (1.54+0.63 vs.
1.89+ 0.68, respectively; P ¼ 0.003). Among those with dyspnoea,
CFR was abnormal in 84.3% of patients. Among patients with dys-
pnoea, CFR was lower in those with ICM compared with those
with NICM (1.40+0.54 vs. 1.74+0.59, respectively; P ¼ 0.0001).

Patient outcomes
Overall, 135 out of 510 (26.5%) met the primary composite outcome
of MACE (Table 2). Compared with those without MACE, those who
experienced MACE were slightly older, had higher prevalence of

Figure 1 Distribution of CFR by HF aetiology, showing that
patients with non-ischaemic cardiomyopathy (NICM, red) have sig-
nificantly higher CFR than those with ischaemic cardiomyopathy
(ICM, blue). Significance was evaluated with a t-test assuming an
underlying log-normal distribution.
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Table 2 Primary outcomes stratified by CFR

CFR tertiles

Outcome All patients
(n 5 510), n (%)

Low (n 5 170),
n (%)

Medium
(n 5 170), n (%)

High (n 5 170),
n (%)

P-value

MACE 135 (26.5) 53 (31.2) 53 (31.2) 29 (17.1) 0.002

Cardiac death 76 (14.9) 32 (18.8) 30 (17.6) 14 (8.2) 0.01

HF hospitalization 72 (14.1) 27 (15.9) 27 (15.9) 18 (10.6) 0.26

Aborted SCD 18 (3.5) 3 (1.8) 11 (6.5) 4 (2.4) 0.05

Late revascularization 13 (2.5) 6 (3.5) 6 (3.5) 1 (0.6) 0.12

Outcome All patients
(n 5 510)

CFR ≤ 1.65
(n 5 340)

CFR > 1.65
(n 5 170)

P-value

MACE 135 (26.5) 106 (31.2) 29 (17.1) 0.0006

Cardiac death 76 (14.9) 62 (18.2) 14 (8.2) 0.002

HF hospitalization 72 (14.1) 54 (15.9) 18 (10.6) 0.14

Aborted SCD 18 (3.5) 14 (4.1) 4 (2.4) 0.45

Late revascularization 13 (2.5) 12 (3.5) 1 (0.6) 0.07

CFR¼coronary flow reserve, HF¼ heart failure, MACE¼major adverse cardiovascular events, SCD¼sudden cardiac death.

CFR and clinical outcomes among patients with CMP 903



prior CAD and revascularization, had more severe ventricular dys-
function, and higher incidence of severely impaired CFR (see Supple-
mentary data online, Table S1).

Analysis by CFR tertiles revealed similar annualized rates of MACE
in the low and medium tertiles subgroups (35.3 vs. 30.3%, P ¼ 0.43),
compared with the high CFR tertile (CFR . 1.65) cohort (35.3 and
30.3% vs. 15.5%, P ¼ 0.0004 and P ¼ 0.004 for low vs. high and
medium vs. high, respectively). Thus, for all subsequent analyses,
patients in low and medium CFR tertiles (CFR ≤ 1.65) were
grouped together and compared with patients in the highest CFR
tertile group (Table 2). Overall, patients with CFR ≤ 1.65 experi-
enced higher annualized rates of MACE, cardiac death, HF hospital-
ization, and late revascularization (Figure 2).

HF aetiology-based analysis revealed that patients with ICM
experiencedhigher ratesofMACE, cardiacdeath, and late revascular-
ization, compared with those with NICM (Table 3).

Unadjusted and adjusted event-free survival
Variables included in the Cox proportional hazards model and results
of univariate and multivariate event-free survival analysis are
reported in Tables 4 and 5. In univariate analysis, age, history of
CAD or CABG, ICM, ventricular function, end-systolic and end-
diastolic volumes, combined amount of myocardial scar and ischae-
mia (abnormal perfusion), as well as CFR were all significantly
associated with MACE (Figure 3). Unadjusted Kaplan–Meier analyses
revealed an event-free survival rate of 52.4 and 78.3% for patients
with CFR ≤ 1.65 and CFR . 1.65, respectively (P , 0.0001;
Figure 4); and a 2-year event-free survival rate of 58.3 and 68.7% for
patients with ICM and NICM, respectively (P ¼ 0.0006; see Supple-
mentary data online, Figure S1).

Next, a series of multivariable models were constructed to assess
the incremental prognostic value of CFR for MACE after adjustment
for clinical covariates, LVEF, left ventricular end-diastolic volume
index, and HF aetiology (Tables 4 and 5). Because HF aetiology and
myocardial scar burden showed significant collinearity, only the
former was included in the models. Addition of CFR was associated
with a significant increase in global x2, indicating improved model fit.
Compared with CFR ≤ 1.65, the adjusted hazard ratio for MACE for
patients with CFR . 1.65 was 0.62 (95% CI, 0.39–0.85; P , 0.04). Of
note, an interaction term between CFR and HF aetiology was non-
informative, suggesting that the effect of CFR on MACE was consist-
ent regardless of aetiology of HF. Furthermore, use of beta blockers,
ACE inhibitors/ARBs, and diuretics was not related to MACE and did
not modify the effect of CFR on MACE. Direct adjusted survival plots
demonstrated that patients with CFR ≥ 1.65 had a significantly better
event-free survival compared with those with CFR ≤ 1.65 (Figure 5).
Finally, when CFR was corrected by the rate pressure product to
account for resting cardiac work, similar results were obtained.

Risk reclassification
The addition of CFR category to a pre-CFR risk model that included
clinical covariates, LVEF, LVEDVI, and HF aetiology (model 5, Tables 4
and 5) resulted in a net correct reclassification of 57.2% of events and
a net incorrect reclassification of 19.1% of non-events. The continuous
net reclassification improvement was 0.381 (95% CI, 0.144–0.590).

Discussion
This study of coronary flow reserve in cardiomyopathy reveals that
coronary vascular dysfunction is highly prevalent among patients

Figure 2 Annualized event rates stratified by CFR above (red) and
below (blue) the median. (A) Annualized event rates for MACEs,
cardiac death, and HF hospitalization; (B) annualized MACE rate in
ICM and NICM; (C) annualized cardiac death in ICM and NICM;
(D) annualized HF hospitalization rate in ICM and NICM.
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with cardiomyopathy, even among those classified clinically as NICM
although coronary flow abnormalities are quantitatively more severe
among those with ICM. Second, even among those with chest pain or
dyspnoea, CFR was lower in those with ICM compared with those
with NICM. Third, CFR ≤ 1.65 was associated with a two-fold
higher annualized frequency of MACE in patients with both ICM
and NICM, compared with those with a CFR . 1.65. Interestingly,
the higher frequency of annualized MACE among those with severely
reduced CFR vs. those with relatively preserved CFR was dominated
by cardiac death in ICM and by HF admissions in those with NICM. In
multivariable modelling adjusting for clinical risk, ejection fraction, left
ventricular end-diastolic volume index, and aetiology of cardiomyop-
athy, an impaired CFR was independently associated with adverse
cardiovascular events.

Few studies have examined abnormalities in coronary vascular
function and its association with clinical outcomes in patients with
LV systolic dysfunction. These studies were small and included only
patients with NICM. Neglia et al.1 evaluated 67 patients and
showed a 3.5-fold increase in the risk of death and progression of
HF in the setting of impaired CFR as measured by PET. Two other
studies using a less well-validated method for assessing coronary
function (echocardiography) also showed that a reduced CFR asso-
ciated with cardiovascular events.3,13 Our findings extend the obser-
vations of these studies in three important ways: by characterizing the
differences in coronary flow abnormalities in a significantly larger
cohort that included patients with both ICM and NICM, by describing
the interrelationship between the abnormalities in coronary function

and patients’ symptoms, and by describing the prognostic significance
of impaired CFR in patients with ICM and NICM.

Although multiple factors contribute to abnormal CFR among
patients with CAD and ischaemic cardiomyopathy, such as severity
and distribution of obstructive CAD, the extent of diffuse distal ath-
erosclerosis, and microvascular dysfunction,14– 16 the mechanisms
underlying the reduced CFR in patients with NICM are not well
understood.17,18 Some of the proposed mechanisms for alterations
in coronary blood flow in patients with cardiomyopathies include
endothelial and autonomic nervous system dysfunction, vasostruc-
tural changes such as macro- and microvascular obstruction,
changes in myocardial capillary density, and vascular remodelling,
as well as extravascular compressive forces.17,19,20

From a clinical viewpoint, these data suggest that assessment of
CFR may provide another element to include in risk stratification
for patients with HF. While it is not clear whether and how this
might direct therapy, it would seem plausible that patients with ab-
normal CFR and exertional limitation may potentially benefit from
vasodilators already used in some patients with HF, such as nitrates,
which have been suggested to improve exercise tolerance in NICMas
well as in ICM, or hydralazine, which has improved multiple HF out-
comes.21,22 In patients with ICM, impaired CFR in the peri-infarct or
remote myocardium may increase the risk of sudden death from fatal
arrhythmias triggered by ischaemia in the location of scar or in
remote myocardium.23

Our study has several limitations. First, this was a single-centre ob-
servational study in a large academicmedical centreand, thus, is subject
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Table 3 Primary outcomes stratified by aetiology of cardiomyopathy

Outcome All patients (n 5 510) ICM (n 5 382) NICM (n 5 128) P-value

MACE 135 (26.5) 111 (29.1) 24 (18.8) 0.03

Cardiac death 76 (14.9) 66 (17.3) 10 (7.8) 0.009

HF hospitalization 72 (14.1) 55 (14.4) 17 (13.3) 0.88

Aborted SCD 18 (3.5) 16 (4.2) 2 (1.6) 0.27

Late revascularization 13 (2.5) 13 (3.4) 0 (0) 0.05

Outcome All ICM (n 5 382) CFR ≤ 1.65 (n 5 280) CFR > 1.65 (n 5 102) P-value

MACE 111 (29.1) 89 (31.8) 22 (21.6) 0.06

Cardiac death 66 (17.3) 56 (20) 10 (9.8) 0.02

HF hospitalization 55 (14.4) 42 (15) 13 (12.7) 0.63

Aborted SCD 16 (4.2) 12 (4.3) 4 (3.9) 1

Late revascularization 13 (3.4) 12 (4.3) 1 (1.0) 0.2

Outcome All NICM (n 5 128) CFR ≤ 1.65 (n 5 60) CFR > 1.65 (n 5 68) P-value

MACE 24 (18.8) 17 (28.3) 7 (10.3) 0.01

Cardiac death 10 (7.8) 6 (10) 4 (5.9) 0.51

HF hospitalization 17 (13.3) 12 (20) 5 (7.4) 0.04

Aborted SCD 2 (1.6) 2 (3.3) 0 (0) 0.22

Late revascularization 24 (18.8) 17 (28.3) 7 (10.3) 0.01

CFR¼coronary flow reserve, HF¼ heart failure, ICM¼ischemic cardiomyopathy, MACE¼major adverse cardiovascular events, NICM¼non-ischemic cardiomyopathy,
SCD¼sudden cardiac death.
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Table 4 Variables in the Cox proportional hazards model

Model 1 Model 2 Model 3 Model 4 Model 5

HR P HR P HR P HR P HR P

Age (D ¼ 10 years) 1.17 (1–1.36) 0.04 1.16 (0.99–1.35) 0.07 1.22 (1.04–1.43) 0.01 1.2 (1.02–1.41) 0.03 1.17 (0.99–1.37) 0.06
Female gender 1.07 (0.71–1.61) 0.75 1.22 (0.8–1.85) 0.36 1.44 (0.93–2.22) 0.1 1.48 (0.96–2.29) 0.08 1.44 (0.93–2.22) 0.1
Hypertension 1.16 (0.67–2) 0.59 1.25 (0.72–2.15) 0.43 1.17 (0.68–2.02) 0.57 1.16 (0.67–2) 0.59 1.12 (0.65–1.94) 0.69
Dyslipidaemia 0.92 (0.59–1.43) 0.71 0.96 (0.62–1.49) 0.87 0.9 (0.58–1.4) 0.64 0.87 (0.56–1.36) 0.54 0.88 (0.57–1.37) 0.58
Family hx CAD 0.83 (0.56–1.25) 0.38 0.76 (0.51–1.15) 0.19 0.77 (0.51–1.16) 0.21 0.74 (0.49–1.12) 0.15 0.73 (0.49–1.1) 0.13
DM 0.91 (0.63–1.3) 0.6 0.94 (0.65–1.35) 0.74 1.02 (0.71–1.48) 0.9 1 (0.69–1.44) 0.98 0.98 (0.67–1.42) 0.9
Hx of CAD 1.28 (0.74–2.21) 0.37 1.3 (0.75–2.26) 0.35 1.26 (0.73–2.18) 0.41 1.01 (0.56–1.85) 0.97 0.98 (0.54–1.78) 0.94
Hx of PCI 1.3 (0.87–1.93) 0.2 1.32 (0.89–1.98) 0.17 1.46 (0.97–2.18) 0.07 1.34 (0.89–2.03) 0.16 1.35 (0.9–2.04) 0.15
Hx of CABG 1.42 (0.95–2.13) 0.09 1.39 (0.93–2.08) 0.11 1.34 (0.9–2.01) 0.15 1.24 (0.82–1.87) 0.31 1.23 (0.81–1.85) 0.33
Early revascularization 0.78 (0.45–1.34) 0.37 0.81 (0.47–1.41) 0.46 0.9 (0.52–1.55) 0.69 0.79 (0.45–1.39) 0.42 0.73 (0.41–1.29) 0.28
Rest LVEF (D ¼ 10%) 0.64 (0.52–0.78) ,0.0001 0.83 (0.65–1.07) 0.15 0.85 (0.66–1.1) 0.21 0.84 (0.65–1.08) 0.18
Rest LVEDVI (D ¼ 10 mL/m2) 1.11 (1.05–1.17) 0.0001 1.11 (1.05–1.17) 0.0001 1.1 (1.04–1.16) 0.0006
Ischaemic aetiology 1.73 (0.92–3.23) 0.09 1.63 (0.87–3.07) 0.13
CFR ≤ 1.65 1.78 (1.16–2.74) 0.01

CABG, coronary artery bypass grafting; DM, diabetes mellitus; IDI, integrated discrimination improvement; LVEDVI, left ventricular end-diastolic volume index; NRI, net reclassification index; PCI, percutaneous coronary intervention.
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Table 5 Multivariable modelling

Model 1 Model 2 Model 3 Model 4 Model 5

Estimate P Estimate P Estimate P Estimate P Estimate P

Global x2 17.9 ref 37.1 ,0.0001 50.5 0.0002 53.5 0.08 61 0.006

AIC 1448 ref 1430.8 ,0.0001 1419.4 0.0007 1418.4 0.32 1412.9 0.02

C-index 0.613 (0.565 to 0.661) ref 0.659 (0.608 to 0.709) 0.02 0.681 (0.635 to 0.727) 0.19 0.696 (0.652 to 0.74) ,0.05 0.706 (0.663 to 0.749) 0.38

Calibration x2 10 0.35 11.7 0.23 17.3 0.04 4.1 0.9 3.3 0.95

IDI ref ref 0.042 (0.032 to 0.053) ,0.05 0.022 (0.010 to 0.034) ,0.05 0.006 (0.002 to 0.011) ,0.05 0.018 (0.010 to 0.025) ,0.05

NRI ref ref 0.436 (0.196 to 0.686) ,0.05 0.322 (0.089 to 0.565) ,0.05 0.152 (20.085 to 0.397) NS 0.381 (0.144 to 0.590) ,0.05

AIC, Akaike’s information criterion.
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to bias. In the present cohort, there is a high rate of cardiac death, but
this is quite comparable to other patient populations in epidemiologic
studiesof patients with left ventricular systolic dysfunction and/or con-
gestive HF.24–26 Despite accounting for several important clinical cov-
ariates, it is likely that additional confoundingbias persists. However, an
advantageof this typeof analysis is that it represents a real-worldpopu-
lation, and thus, the results should be generalizable. Second, coronary
angiography was not available in all patients. In this regard, it is possible
that reliance on the absence of stress perfusion defects may misclassify
a small number of patients (e.g. with multivessel CAD and globally
depressed CFR). However, in general, the absence of PET perfusion
defects is associated with lack of significant CAD,27 and future pro-
spective studies in this space may utilize CT or invasive angiography
to confirm these findings. Finally, stress MBF was not associated with
outcome in our study, suggesting that CFR as an integrated physiologic
measure of flow reserve is a uniquely prognostic PET parameter.

Conclusion
In the present study, we show that impaired coronary vascular func-
tion is common in patients with ischaemic and non-ischaemic

cardiomyopathy. It may contribute to chest pain and dyspnoea on ex-
ertion, thus limiting exercise in patients with and without significant
CAD. Furthermore, the presence of coronary vascular dysfunction
is associated with MACEs, including cardiovascular death and HF hos-
pitalization. Future work should be focused on investigating whether
and how quantitative measurements of CFR can direct therapy in
patients with HF.

Supplementary material
Supplementary data are available at European Heart Journal – Cardio-
vascular Imaging online.
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Figure3 UnivariatepredictorsofMACEhazard ratios (HRs) arepresented fora1-unit increaseexcept forage (increaseof 10years), BMI (increase
of 10 units), LVEF (decrease of 10%), ESVI and EDVI (increase of 10 cc), extent of myocardial ischaemia and scar combined and each separately (in-
crease of 10%), MBF (decrease of 0.5 mL/kg/min), and CFR (decrease of 0.5). Abnormal perfusion refers to combined scar and ischaemia. BMI, body
mass index; CABG, coronary artery bypass grafting; CMP, cardiomyopathy; ESVI, end-systolic volume index; EDVI, end-diastolic volume index; PCI,
percutaneous coronary intervention.
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Multimodality imaging of a primary cardiac diffuse large B-cell lymphoma
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A 60-year-old man was transferred to our institu-
tion for pericardiocentisis. A past medical history
revealed dyspnoea and episodes of night sweats
for the last month. Transthoracic echocardiog-
raphy (TTE; Panel A and see Supplementary data
online, Movie S1) and thoracic computed tomog-
raphy (Panel B) showed a mass at the level of the
right atrio-ventricular sulcus. Cardiac magnetic
resonance (CMR) displayed an intramyocardial
mass that was isointense in the T2-weighted
images (Panel C) with an irregular late gadolinium
enhancement. The mass spread from the right
ventricle (RV) to the neighbouring segments of
the right atrium (RA), thereby surrounding the
proximal and medial portions of the right coron-
ary artery (RCA). Significant RCA stenosis was
excluded by coronary angiography (see Supplementary data online, Movie S2). Fluorodeoxyglucose-positron emission tomography
(FDG-PET) indicated abnormal FDG storage within the mass (Panel D). Cytological analysis of the drained pericardial liquid showed ele-
vated levelsof lymphocytes.The unfavourable locationof the mass at the right atrio-ventricular sulcusdid not allowacatheter-basedbiopsy
so a surgical approach was chosen (Panel E). However, the extensive involvement of the right atrial and ventricular wall did not permit a
complete surgical removal. Histology showed a primary cardiac diffuse large B-cell lymphoma and the patient received chemotherapy using
an EPOCH-RR regimen. After 2 months, significant reduction in tumour size was detected by FDG-PET (Panel F), TTE (see Supplementary
data online, Movie S3), and CMR (see Supplementary data online, Figure S4).

Primary cardiac lymphomas account for 1–2% of malignant cardiac tumours. The RA/RV is most commonly affected with concomitant
pericardial effusion (PE). Owing to its excellent soft-tissue contrast, CMR has the highest sensitivity to detect cardiac lymphoma and should
be performed after echocardiographic exclusion of significant PE. The presented case illustrates that a multimodality imaging approach aids
in the diagnosis of a mass and in the guidance of therapeutic strategies.

(Panel A) TTE in a subcostal four-chamber view displaying a mass at a right atrio-ventricular sulcus (arrows). (Panel B) Cardiac computed
tomography in a transverse plane with a large mass spreading from a part of the RV to the contiguous part of the RA (arrows). (Panel C)
T2-weighted transverse CMR image shows an isointense intramyocardial mass (arrows). (Panel D) FDG-PET detecting pathological storage
of FDG within the mass (arrows). (Panel E) Intraoperative view with arrows pointing at the mass. (Panel F) FDG-PET performed at 2-month
follow-up displaying a significant reduction in tumour size following chemotherapy.

Supplementary data are available at European Heart Journal – Cardiovascular Imaging online.
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