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Background. It is thought that heart failure (HF) patients may benefit from the evaluation
of mechanical (dys)synchrony, and an independent inverse relationship between myocardial
perfusion and ventricular synchrony has been suggested. We explore the relationship between
quantitative myocardial perfusion and synchrony parameters when accounting for the presence
and extent of fixed perfusion defects in patients with chronic HF.

Methods. We studied 98 patients with chronic HF who underwent rest and stress Nitrogen-
13 ammonia PET. Multivariate analyses of covariance were performed to determine relevant
predictors of synchrony (measured as bandwidth, standard deviation, and entropy).

Results. In our population, there were 43 (44%) women and 55 men with a mean age of
71 ± 9.6 years. The SRS was the strongest independent predictor of mechanical synchrony
variables (p < .01), among other considered predictors including: age, sex, body mass index,
smoking, diabetes mellitus, dyslipidemia, hypertension, rest myocardial blood flow (MBF), and
myocardial perfusion reserve (MPR). Results were similar when considering stress MBF
instead of MPR.

Conclusions. The existence and extent of fixed perfusion defects, but not the quantitative
PET myocardial perfusion parameters (sMBF and MPR), constitute a significant independent
predictor of ventricular mechanical synchrony in patients with chronic HF. (J Nucl Cardiol
2020;27:2234–42.)
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Abbreviations
BW Bandwidth

MBF Myocardial blood flow

MI Myocardial infarction

MPR Myocardial perfusion reserve

SD Standard deviation

SRS Summed rest score

E Entropy

HF Heart failure

INTRODUCTION

Heart failure (HF) represents a major issue with an

estimate of 26 million patients worldwide.1 Treatment

advances in acute coronary syndromes and an aging

population have steadily shifted the burden in cardio-

vascular disease profile through a substantial increase in

the number of patients at risk of developing progressive

HF.2 One of the main causes of HF is coronary artery

disease (CAD), and CAD-related ischemic damage links

to progressive maladaptive changes and abnormal ven-

tricular function due to an altered myocardial

architecture and adverse remodeling.3

HF research may benefit from techniques that

provide evaluation of ventricular mechanical synchrony

as well as from the evaluation of its determinants. On the

one hand, because dyssynchrony may represent an

earlier marker of a deteriorating ventricular function

that conveys prognostic value for risk stratification,4 and

on the other, because current (suboptimal) selection of

HF patients for cardiac resynchronization therapy (CRT)

mainly depends on ECG-QRS complex analysis (which

evaluates electrical [dys]synchrony).5,6 As a matter of

fact, relevant reports have documented an important and

sustained proportion of CRT non-responders7,8 and it is

considered that elements such as the imperfect link

between measured electrical and mechanical synchrony,

and the etiology of HF may factor into this phenomenon.

Quantitative PET myocardial perfusion imaging has

robustly demonstrated its value in the evaluation of

suspected ischemia in patients with and without history

of cardiovascular events,9,10 and notably, is able to

simultaneously provide complementary information on

ventricular function during peak hyperemia based on the

analysis of ECG-gated datasets.11 Such assessment of

ventricular function extends beyond left ventricular

ejection fraction into measurements of mechanical

synchrony through phase analysis.12 Recently, ventric-

ular mechanical synchrony has been implied as a useful

marker for the detection of multivessel CAD,13 and an

independent inverse relationship between quantitative

myocardial perfusion and PET ventricular synchrony

has been suggested.14

Notably, the link between quantitative PET myocardial

perfusion and ventricular mechanical synchrony when

considering the potential confounding influence of fixed

perfusion defects, indicators of previous myocardial infarc-

tion [MI] and scarring, has not been investigated in HF

patients. Hence, the present study aimed to explore the

relationship between quantitative PET myocardial perfu-

sion and peak stress ventricular mechanical synchrony

when accounting for the presence and extent of pre-existing

fixed perfusion defects in patients with chronic HF.

METHODS

Patient Population

We retrospectively analyzed data from 98 patients with

chronic HF referred for Nitrogen-13 ammonia PET/CT imag-

ing for suspected myocardial ischemia and followed in the

Northwest Clinics in Alkmaar, the Netherlands. Demographic

and clinical characteristics including sex, age, body mass index

(BMI), as well as cardiovascular risk factors including arterial

hypertension (HTN), dyslipidemia, smoking status, type 2

diabetes mellitus (DM), history of previous myocardial

infarction (MI), and baseline HF descriptors (suspected etiol-

ogy, LVEF category and baseline NT-proBNP) were extracted

from the electronic file system.

All patients gave written informed consent for use of their

anonymous data for scientific purposes. Besides the standard

imaging protocol and clinical management, no additional

measurements or actions affecting the patient were performed.

The study was approved by the institutional research depart-

ment and approval of the local ethical committee for the

present study was not necessary since the study does not fall

within the scope of the Dutch Medical Research Involving

Human Subjects Act (section 1.b WMO, February 26, 1998).

PET Imaging

Every patient underwent a two-phase (rest and adenosine

stress) PET scan using Nitrogen-13 ammonia as the perfusion

radiotracer. All image data were acquired in list mode on a

Siemens Biograph-16 TruePoint PET/CT (Siemens Healthcare,

Knoxville, USA) with the TrueV option (axial field of view,

21.6 cm). This 3D system consists of a 16-slice CT and a PET

scanner with four rings of lutetium oxyorthosilicate (LSO)

detectors. Patients were instructed to fast overnight and to

avoid the consumption of methylxanthine-, caffeine-containing

beverages, or medications for 24 hours before the study. Image

acquisition parameters and scanning protocol were previously

described in detail.15

Quantitative Perfusion

Based on the dynamic subsets, left ventricular contours

were assigned automatically using the SyngoMBF software

See related editorial, pp. 2243–2246
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(Siemens Medical Solutions, Erlangen, Germany) with mini-

mal observer intervention when appropriate. With a previously

described 2-compartment kinetic model for Nitrogen-13

ammonia, stress and rest flow values in mL/g/minute were

computed for each sample on the polar map through the

resulting time-activity curves for global quantification.16

Myocardial perfusion reserve (MPR) was calculated as the

ratio between the MBF during stress (sMBF) and MBF during

rest (rMBF) and therefore expressed adimensionally. The total

MPR, sMBF, and rMBF were calculated within the left

ventricular region regionally according to the main vascular

territories (LAD, LCx, and RCA).

Semi-Quantitative Perfusion and Fixed
Perfusion Defects

Pre-existing fixed perfusion defects were evaluated

through semi-quantitative image analysis using the standard

American Heart Association 17-segment model17 and a 5-point

scale scoring system18 in order to calculate the summed rest

score (SRS). The SRS was employed as a surrogate for the

presence and extent of perfusion defects related to myocardial

scarring.

Left Ventricular Mechanical Synchrony

ECG-gated hyperemic stress images were analyzed with

the QGS software package (Research Edition, PET Processing

plugin, Cedars-Sinai, Los Angeles, CA, USA).19 Short-axis

images were processed for ventricular edges and cavity

volumes for each re-binned frame reconstructed for the

average cardiac cycle. From the phase analysis, which allows

for the evaluation of coincidence and uniformity of onset of

wall motion,20 three previously described measurements of

mechanical synchrony during stress were considered, namely

bandwidth (BW), standard deviation (SD), and entropy (E).21

Briefly, BW conveys the time range that includes 95% of

elements in the phase distribution, while SD corresponds to the

standard deviation of the phase distribution. Thereon, E reflects

the uniformity of the onset and progression of wall motion,

expressed as a percentage. These measurements are understood

as inversely proportional to ventricular synchrony and unifor-

mity of contraction.

Statistical Analysis

All continuous variables were described as means ± SD,

while categorical variables were expressed as frequencies and

percentages. Univariate analyses were conducted through

independent ANOVAs in order to evaluate trend differences

in ventricular mechanical synchrony variables (BW, SD, and

E) across binned tertiles of quantitative PET perfusion vari-

ables (MPR and sMBF). Follow-up pairwise comparisons were

corrected using the Bonferroni post hoc test.

Prior evaluation of the biserial correlations between BW,

SD, and E (utilizing Pearson’s correlation coefficient), two

sequential (stepwise) multivariate analyses of covariance

(MANCOVA) were performed including sex, age, BMI,

HTN, dyslipidemia, DM, smoking status, rMBF, and MPR in
the first model, with the addition of SRS in the second model,
as independent (i.e., predictor) variables, while BW, SD, and E

were simultaneously input as the dependent (i.e., outcome)

variables. Pearson’s correlation coefficient was used to exam-

ine for and discard collinearity of predictors. Independent

significance of the evaluated predictors was assessed through

Pillai’s trace criterion with an approximate F statistic.14 Effect

sizes for the evaluated predictors (Eta squared [g2]) were

reported alongside p values for which\ .05 was considered

statistically significant. Multivariate analyses were repeated

utilizing sMBF (instead of MPR) as the quantitative perfusion

variable. Complementarily, all analyses were repeated in a per-

vessel territory analysis.

All statistical analyses were performed in SPSS (Released

2013. IBM SPSS Statistics for Windows, Version 22.0.

Armonk, NY: IBM Corp., USA).

RESULTS

Baseline characteristics of the study sample of

patients with chronic HF are shown in Table 1. There

were 43 women and 55 men with a mean age of 72 ± 9.5

and 71 ± 9.6 years old, respectively. There was a

substantial proportion of patients with HTN (45%) and

roughly a quarter of the studied sample known with

diabetes mellitus. Conversely, there was a low preva-

lence of active smokers (6%). There were 59% and 41%

of patients with reduced and preserved LVEF,

respectively.

Mean quantitative PET MPR was below the gener-

ally applied pathological threshold of 2.0.22

There were significant differences in peak stress

ventricular mechanical synchrony parameters across

myocardial perfusion variable tertiles documenting a

significant inversely proportional perfusion-synchrony

relationship. Notably, these differences were more

pronounced across tertiles of sMBF than of MPR

according to the calculated effect sizes (BWg2 = 0.17

vs 0.08, SDg2 = 0.15 vs 0.07, and Eg2 = 0.10 vs 0.08).

Significant pairwise differences are graphically depicted

in Figure 1 and absolute numerical differences can be

consulted in the supplementary material—Online

Resource 1.

Biserial Correlations Between Dependent
Variables

We documented significant and strong correlations

between mechanical ventricular synchrony parameters.

Pearson’s correlation coefficients showed significance

between all permutations of the considered synchrony

parameters. These results are depicted in the correlation

matrix shown in Table 2.
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Stepwise Multivariate Analysis

A comprehensive pictorial representation of the

MANCOVA results for all models is shown in Figure 2.

The MANCOVA Model 1 documented that MPR

(p\.01) is an independent predictor of stress ventricular

mechanical synchrony accounting for a medium effect

size (g2= 0.229), while dyslipidemia only demonstrated

a trend towards significance and a rather discrete effect

(p = .09, g2 = 0.081) and rMBF did not document a

significant effect (p = .17). Further, when SRS was

included into Model 2, MPR was no longer a significant

predictor of the outcome variables. Conversely, SRS

was found to be the strongest independent predictor of

mechanical synchrony variables demonstrating a con-

siderably higher absolute effect size (p \ .01, g2 =

0.358) than the other considered predictors.

When the analyses were repeated considering sMBF

as the quantitative myocardial perfusion variable, results

were similar. In Model 1, dyslipidemia only demon-

strated a trend towards a significant effect (p = .06),

while sMBF (p = .01) was a significant predictor of

stress mechanical synchrony variables. Conversely, SRS

overshadowed (once again) sMBF as the strongest

independent predictor (p \ .01, g2 = 0.401) in Model
2. Consistently, rMBF did not demonstrate a significant

effect in the models (p = .70 and p = .74 in Model 1 and

2, respectively). Figure 3 provides an isolated view of

the behavior of the effect sizes of the strongest predic-

tors of interest across models.

The complementary results considering the perfu-

sion and synchrony estimates at the coronary vessel-

territory level demonstrated a similar behavior with SRS

accounting for the predominating effect in the models.

Two particular differences found in the supplementary

analysis were (1) once SRS was included in the model,

stress MBF and MPR showed a marginal trend towards

significance in contrast with the global analysis (p = .06

and p = .07, respectively), and (2) rest MBF demon-

strated a significant effect inModel 1 that included MPR

as the perfusion parameter.

These expanded numerical results can be consulted

in the supplementary material—Online Resources 2 and

3.

DISCUSSION

The present study has shown that, in patients with

chronic HF, absolute quantitative PET myocardial per-

fusion estimates are not independent determinants of

ventricular mechanical synchrony when accounting for

demographic characteristics, cardiovascular risk factors,

and importantly, for the presence and extent of fixed

myocardial perfusion defects. Conversely, it was docu-

mented that the SRS, as a surrogate of such fixed

defects, represents the strongest independent predictor

of PET-measured peak stress ventricular mechanical

synchrony parameters.

In principle, it is understood that absolute myocar-

dial perfusion status may be linked with the particular

aspect of ventricular function objectified through the

evaluation of mechanical synchrony. In fact, this notion

has been investigated in both SPECT23 and PET14

Table 1. Baseline population characteristics

Variables Summary

Demographics—mean (st dev)

Age 71 (9.6)

Women (%) 43 (44)

BMI (Kg/m2) 28 (4.3)

Risk factors and CV/HF history—n (%)

HTN 44 (45)

Dyslipidemia 29 (26)

DM 24 (25)

Smokers 6 (6)

History of previous MI 39 (40)

Ischemic HF 50 (51)

Hypertensive cardiomyopathy 17 (17)

Idiopathic HF 19 (19)

NYHA classification

I-II 60 (6)

II 54 (55)

III 30 (31)

IV 8 (8)

Reduced LVEF 42 (43)

LVEF—mean (st dev) 33 (8)

Mid-range LVEF 16 (16)

LVEF—mean (st dev) 45 (9)

Preserved LVEF 40 (41)

LVEF—mean (st dev) 63 (8)

NT-proBNP (pg/mL)—mean (st dev) 483.4 (718.6)

Quantitative perfusion parameters—mean (st dev)

Rest MBF (mL/g/min) 0.93 (0.29)

Stress MBF (mL/g/min) 1.72 (0.63)

MPR 1.92 (0.61)

Semi-quantitative perfusion—mean (st dev)

SRS 10 (8.5)

Ventricular mechanical synchrony—mean (st dev)

BW (ms) 56 (39.5)

SD (ms) 15.8 (11.8)

E (%) 45 (12.9)

BMI, body mass index; BW, bandwidth; CV, cardiovascular,
DM, type 2 diabetes mellitus; E, entropy; HF, heart failure;
HTN, arterial hypertension; MBF, myocardial blood flow; MI,
myocardial infarction; MPR, myocardial perfusion reserve;
SD, standard deviation; SRS, summed rest score
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imaging, and results have suggested that perfusion

estimates convey a relevant association with mechanical

synchrony and that this relationship likely interplays

with risk factors and other aspects of myocardial status

such as ventricular composition or architecture. Our

study advances this concept by evaluating the compar-

ative relevance of the most commonly used quantitative

myocardial perfusion estimates (MPR and sMBF) as

determinants of an integral axis of mechanical syn-

chrony (provided by 3 related variables) during peak

stress in the particular setting of chronic HF patients.

Based on our results, it became clear that even

though the exploratory unadjusted comparisons of syn-

chrony parameters (BW, SD, and E) across worsening
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Figure 1. Bar chart depicting mean ventricular synchrony parameters (BW, SD, and E) across
statistically defined MPR (upper chart) and sMBF (lower chart) tertiles. *p value\ .5 for a post hoc
corrected pairwise comparison.
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MPR and sMBF tertiles showed significant differences,

the adjusted (multivariate) analysis demonstrated that

SRS conveys the strongest independent association with

the outcome variables, overshadowing the effect of

quantitative perfusion parameters. Although this

analysis may raise the uncertainty of whether such

effect originates from a tight relationship between SRS

and quantitative perfusion variables (as patients with

fixed perfusion defects will undoubtedly present a

decrease in myocardial perfusion in absolute terms),

the exploration of the SRS-MPR and SRS-sMBF cor-

relations informed that collinearity did not hinder our

analysis (r = -0.23 and - 0.41, respectively, not shown

in the results).

An interesting finding in the univariate analysis was

that ventricular synchrony parameters were considerably

more sensitive to worsening values of sMBF than those

of MPR. This collateral finding partially supports the

perception suggested in previous reports of the superi-

ority of sMBF as an absolute PET myocardial perfusion

parameter.14,24 Furthermore, this larger effect of sMBF

reflected into the fully adjusted multivariate analysis

where a trend towards a significant association with

Dependent Variables

BW SD
E

Ventricular
Synchrony

Independent Variables

Age

Sex

BMI

Smoking

DM

Dyslipidemia

HTN

MPR

BW SD
E

Ventricular
Synchrony

SRS

Model 1

Model 2

Age

Sex

BMI

Smoking

DM

Dyslipidemia

HTN

sMBF

Independent Variables

Age
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Dyslipidemia

HTN

MPR

SRS
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Dyslipidemia
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sMBF

rMBF rMBF

rMBF rMBF

Figure 2. Pictorial depiction of the MANCOVA adjusted effect sizes for all evaluated predictors
across models 1 and 2. The correlational lines between individual predictors and dependent
variables are weighted according to their magnitude (see Online Resource 2).

Table 2. Biserial correlations between
dependent variables

BW SD E

BW 1 0.96* 0.78*

SD 0.96* 1 0.77*

E 0.78* 0.77* 1

BW, bandwidth; E, entropy; SD, standard deviation
*p value\ .001

Journal of Nuclear Cardiology� Juarez-Orozco et al 2239

Volume 27, Number 6;2234–42 Ventricular synchrony is not significantly determined by absolute myocardial perfusion



ventricular synchrony was noticed (p = .06), contrary to

the multivariate results considering MPR (p = .23). We

believe that these effects become readily patent in the

pictorial representation of the MACONVA models’

results. The comparative weight of the correlation lines

underscores the relevance of perfusion parameters while

also demonstrating the major role of fixed perfusion

defects. Of note, even though rMBF was considered in

the reported analyses, as it may be the case that this

parameter is found affected in the particular set of

patients with HF, the univariate and multivariate esti-

mates of effect did not support a major influence of this

perfusion parameter on mechanical synchrony.

Patients with HF show lower quantitative myocar-

dial perfusion estimates25 and it is hypothesized that,

among other factors, endothelial dysfunction may play a

role in this phenomenon.26 Our results fall in line with

this previous finding and it is possible that a blunted

vasodilatory response could downsize the proposed

association between perfusion and mechanical syn-

chrony. In any case, we believe that a sober

interpretation of our results gives reason to suggest that

within the scenario of patients with chronic HF and

although optimization of myocardial perfusion (includ-

ing possible microvascular dysfunction) should

represent a relevant part of the therapeutic approach, it

may be more convenient to concentrate on the charac-

terization of the fixed perfusion defects in terms of their

presence, extent, severity, and probably even tissue

composition overall (in which case CMR can offer great

advantages) in order to improve the management of

arguably relevant ventricular mechanical dyssynchrony.

A particular feature of our report is the incorpora-

tion and characterization of effect sizes in our

interpretation of results. In fact, both the pictorial and

numerical effect sizes provided by the multivariate

analyses attest the comparative relevance of quantitative

perfusion and of the presence/extent of fixed defects by

demonstrating that although SRS was clearly the

strongest independent predictor of synchrony (with a

large effect), the magnitude of the effect sizes of MPR

and sMBF were the second largest overall and mostly

fall in the category of medium effects.

Fixed perfusion defects can be caused by a

previous MI, but in our sample only 40% of patients

had a medical history of MI. Still, all patients had the

associated diagnosis of chronic HF and were referred

to PET due to suspected (chronic) ischemia. Although

myocardial scarring after major events such as MI is

generally considered in the horizon of HF of suspected

ischemic origin, it is also considered that physiopatho-

logical levels of chronic ischemia (probably at the

microvascular level) can negatively influence myocar-

dial architecture and ultimately its function. Moreover,

it is also understood that a discrete proportion of MI

events can be overlooked due to atypical symptoma-

tology such as in diabetic patients and expectedly, the

prevalence of DM in our sample was substantial.

Consequently, we aimed to account for existing fixed

perfusion defects rather than only on the history of

previous MI. This means that, while we do not account

for the particular origin or composition of the docu-

mented fixed perfusion defects, one can still argue that

such non-reversible defects seem to be by far more

influential on the integral axis of mechanical synchrony

than the quantitative myocardial perfusion status

obtained in absolute terms with PET. In fact, this

notion was sustained when the analysis was repeated at

a per-vessel territory (i.e., regional) level. Of course,

we still believe that a regional analysis is relevant for

the particular exploration of suspected localized ische-

mia and in the characterization of potentially viable

residual tissue.

Nitrogen-13 ammonia PET allows for the evalua-

tion of absolute myocardial perfusion and mechanical

synchrony at real time-peak hyperemic stress, which

confers an advantage over traditional post-stress SPECT

acquisitions. Nevertheless, as non-invasive imaging

advances the refinement of its implementations, we

believe that multimodality imaging (considering other

powerful techniques such as CMR) will benefit patient

classification optimization by providing complementary

information that, in the case of HF and its management,

is currently incomplete.

Finally, it is worth considering that either if

mechanical synchrony is viewed as a marker of

Figure 3. Point chart depicting the magnitude of the multi-
variate adjusted effect sizes of quantitative PET myocardial
perfusion parameters (MPR and sMBF) in Model 1 and Model
2 (SRS is depicted only in comparison to perfusion parameters
for Model 2).
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disease,27,28 a risk factor,4 or as an addressable substrate

for therapy (CRT),29 further understanding of the

hierarchical structure of its determinants is desirable,

and we consider that the present report is a discrete

contribution to this horizon.

LIMITATIONS

The present study carries all the limitations of a

retrospective analysis. Furthermore, we have mentioned

that the mechanistic nature of the fixed perfusion

defects was not accounted for in every case and it is

possible that a small proportion of artifacts may have

factored into the SRS estimates. However, this may

represent a minor issue given the superior quality of

PET imaging when compared with traditional SPECT.

Another limitation may be found in the sample size

and constitution, it could be possible that the signif-

icance of perfusion estimates as determinants of

ventricular synchrony was attenuated by the number

of subjects included and by a mixture of possible

etiologies. Yet, this report studied patients with the

commonality of clinically-classified chronic HF evalu-

ated in our institution by a dedicated clinic. Moreover,

in the case of this sample, patients were referred for

PET imaging when there was doubt of whether an

ischemic component was present beyond the assumed

etiology. Finally, our results have included effect sizes

for the studied relations and we exhort the reader to

bear such estimates in mind given their stability against

sample size differences.

CONCLUSIONS

The existence and extent of fixed perfusion

defects, but not the quantitative PET myocardial

perfusion parameters (sMBF and MPR), constitute a

significant independent predictor of resulting peak-

stress ventricular mechanical synchrony in patients

with chronic HF.

NEW KNOWLEDGE GAINED

Among patients with chronic HF referred to Nitro-

gen-13 ammonia PET/CT imaging, the presence and

extent of pre-existing fixed perfusion defects, but not

quantitative myocardial perfusion parameters, constitute

a significant independent determinant of resulting peak-

stress ventricular mechanical synchrony.
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