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The purposes of this study were (a) to assess the feasibility of
diastolic function (DFx) evaluation using standard 16-frame post-
exercise gated 99mTc-sestamibi myocardial perfusion SPECT
(MPS), (b) to determine the relationship of the 2 common DFx
parameters, peak filling rate (PFR) and time to peak filling
(TTPF), to clinical and systolic function (SFx) variables in pa-
tients with normal myocardial perfusion and SFx, and (c) to
derive and validate normal limits. Methods: Ninety patients (71
men; age, 30–79 y) with normal exercise gated MPS were
studied. None had hypertension, diabetes, rest electrocardio-
gram abnormality, or known cardiac disease. All patients
reached �85% of maximum predicted heart rate (HR). The
population was randomized into derivation (n � 50) and valida-
tion (n � 40) groups. Univariable and multivariable approaches
were deployed to assess the influence of clinical and functional
variables on DFx parameters. Results: PFR and TTPF were
assessed in all patients. Mean values of PFR and TTPF in the
whole study population were 2.62 � 0.46 end-diastolic volumes
per second (EDV/s) and 164.6 � 21.7 ms, respectively. By
applying a 2-SD cutoff to the mean values in the derivation
group, the threshold for abnormal PFR and the threshold for
abnormal TTPF were �1.71 EDV/s and �216.7 ms, respec-
tively. The normalcy rates in the validation group for PFR and
TTPF were both 100%. The PFR showed weak but significant
correlations with age, EDV, end-systolic volume, left ventricular
ejection fraction (LVEF), and poststress HR. However, TTPF did
not correlate with these parameters. Final normal thresholds
determined from the combined populations were PFR � 1.70
EDV/s and TTPF � 208 ms. Multivariable analysis showed that
age, sex, LVEF, and HR are strong predictors for PFR, whereas
TTPF was not influenced by any clinical or SFx variable. Con-
clusion: With a new algorithm in QGS, assessment of LV DFx is
feasible using 16-frame gated MPS even without bad-beat re-
jection, resulting in normal limits similar to those reported with
gated blood-pool studies. However, due to the dependency of
PFR on SFx parameters, sex, HR, and age, TTPF appears to be
a stable and more useful parameter with this approach. The
clinical usefulness of these findings requires further study.
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Abnormality of left ventricular (LV) diastolic function
(DFx) is frequently the earliest indicator of LV dysfunction
in many diseases, including coronary artery disease (CAD),
congestive heart failure (CHF), hypertrophic cardiomyopa-
thy, valvular heart disease, diabetes mellitus, and hyperten-
sion (1–6). It is estimated that up to one third of patients
with CHF have abnormality of DFx before systolic function
(SFx) deteriorates.

In addition to myocardial perfusion, gated myocardial
perfusion SPECT (MPS) is widely used for the assessment
of SFx by the measurement of LV ejection fraction (LVEF)
and LV volumes using a variety of commercially available
software programs (7–9). For evaluation of DFx, Doppler
echocardiography and, to a much lesser extent, first-pass
and gated blood-pool scintigraphy (GBPS) are the estab-
lished procedures (3,10–14). The assessment of DFx has
been shown to be feasible with gated MPS (15–18); how-
ever, the stability of DFx variables is unclear, and normal
values for DFx parameters using gated MPS have not yet
been described. Furthermore, there is no agreement as to
which of DFx variables are likely to be most effectively
measured with this method. The purpose of this study was
to determine the relationship of the various DFx parameters
to clinical and SFx variables in a normal population and to
establish the normal limits of DFx parameters obtained from
postexercise gated MPS in patients with normal myocardial
perfusion and SFx.

MATERIALS AND METHODS

Patients
The study population comprised 90 patients referred for rest/

stress gated MPS who met the following criteria: technically
acceptable normal rest and exercise gated MPS, achieving �85%
of maximum predicted heart rate (MPHR) during symptom-limited
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treadmill exercise (Bruce protocol), normal resting electrocardio-
gram (ECG). None had a history of hypertension, diabetes, valvu-
lar or other cardiac disease. The indications for MPS were previous
positive treadmill test (n � 5), atypical chest pain (n � 50),
shortness of breath with or without atypical angina (n � 15),
nonanginal chest pain (n � 5), and syncope (n � 1). The rest of the
patients (n � 14; 16%) were asymptomatic and were referred to
cardiac imaging to rule out suspected CAD by the clinical physi-
cian. During stress testing, 4 had a positive ECG response
(�1-mm ST segment depression) and 2 had a positive clinical
response to exercise (exertional chest discomfort). In all patients,
the posttest likelihood of CAD was considered to be low (�10%),
after taking into account age, sex, risk factors, symptoms, clinical
and ECG responses to stress, and the results of gated MPS.
Patients with end-systolic volume (ESV) of �20 mL on gated
MPS are not included, since assessment of LV volumes and
function is less accurate in patients with very small volumes (19).
The study population was randomly divided into 2 groups for
derivation (n � 50) and validation (n � 40) of DFx parameters.
Heart rate (HR) used for all analyses was the mean HR during
poststress acquisition.

Image Acquisition/Reconstruction
All patients underwent separate-acquisition dual-isotope MPS

as previously described (20). After gated rest 201Tl MPS (not
analyzed for DFx in this study), 925–1,295 MBq of 99mTc-sesta-
mibi (dose adjusted to patient weight) was injected at peak exer-
cise, and gated MPS imaging was initiated 50 � 23 min later using
a 20% window centered over the 140-keV photopeak. Images were
acquired with a 2-detector 90° camera (Forte, Philips/ADAC; or
E-cam, Siemens Medical Systems) using elliptic 180° acquisition
(right anterior oblique 45° to left posterior oblique 45°) with 64
projections at 25 s per projection and 16 frames per R–R interval.
The projection data were reconstructed into tomographic transaxial
images using filtered backprojection and automatic reorientation
(7,21). No attenuation or scatter correction was used. Filtered
backprojection reconstruction used a ramp filter followed by 2-di-
mensional Butterworth filtering (order, 5; cutoff frequency, 0.66
cycle/pixel on a 0–1 scale). Pixel size was 6.54–6.59 mm.

Assessment of DFx and SFx
For this study, a new version of QGS software was used (QGS

Companion; Cedars-Sinai Medical Center), which quantifies DFx
parameters using the bicubic spline interpolation of the LV vol-
ume/time curve. The LV filling rate/time curve is computed from
the first derivative of the volume/time curve. Specifically, the
peak-filling rate (PFR) is defined as the greatest filling rate in early
diastole and corresponds to the peak value of the first derivative of
the diastolic portion of the time–activity curve. Since the filling is
normalized to end-diastolic volume (EDV), the unit for PFR is
EDV/s. The time to peak filling (TTPF), expressed in milliseconds,
is the interval between ES and the PFR. An example of the
volume/time and filling/time curves combined display is shown in
Figure 1. For SFx, EDV (mL), ESV (mL), and LVEF (%) are
calculated from the LV volume/time curve as previously described
(7). Recent QGS software computes the DFx parameters in their
corresponding units, rather than providing raw frame numbers in
brackets, which needed further calculations to find the final unit
values as in the previous version.

Determination of Normal Values and Normalcy Rates
The mean � SD was determined for each diastolic parameter in

the derivation group, the validation group, and the overall group.
The normalcy rates were obtained by applying 2-SD thresholds
calculated in the derivation group to the validation group. Differ-
ences among the DFx parameters were assessed with respect to age
and sex. The normal limits for the DFx parameters were deter-
mined from the overall population by a 2-SD threshold.

Statistical Analysis
All variables are expressed as mean � SD. The Student t test

and 1-way ANOVA (with Bonferonni correction when appropri-
ate) were applied to evaluate differences for continuous parameters
and �2 statistics for categoric variables. Correlations among vari-
ables were analyzed using the Pearson correlation test. Addition-
ally, multivariable linear regression analysis was performed to
evaluate the dependency/nondependency of the DFx parameters on
clinical and SFx parameters and to determine the predictors of DFx
parameters. Data analyses were performed using SPSS 11.0 for
Windows statistical application program. In all assessments, P �
0.05 was considered significant.

RESULTS

The clinical characteristics of the study group are shown
in Table 1. There were no significant differences in clinical
parameters between the derivation and the validation
groups. In addition, no significant differences between the 2
groups were observed with respect to HR, SFx, and DFx
parameters (Table 2).

Effect of SFx and Clinical Variables on DFx Parameters
PFR showed significant correlations with age (r �

�0.348), EDV (r � �0.331), ESV (r � �0.471), LVEF

FIGURE 1. Example of a patient’s volume and filling curves
over time in 16-frame gated MPS. Numbers in brackets repre-
sent exact frame numbers from which parameters are derived.
Arrow shows TTPF, defined by time from ES to greatest filling
rate in early diastole. Peak filling is normalized to EDV. ED � end
diastole; ES � end systole; BPM � beats per minute HR;
MFR/3 � mean filling rate over first third of diastole.
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(r � 0.529), and HR (r � 0.514) (P � 0.01 for all). In
contrast, TTPF appeared to be a more stable DFx variable,
as it did not correlate with any of the SFx parameters, age,
or HR. As illustrated in Figures 2A and 3A, there was
marked variation in PFR in the individual patients as a
function of the HR and LVEF at the time of gated MPS
acquisition, respectively; however, TTPF did not show any
significant correlations with these variables (Figs. 2B and
3B). The time interval between peak exercise and acquisi-
tion had no correlation with PFR (r � �0.174, P � not
significant [NS]) or TTPF (r � �0.023, P � NS). When the
patients were divided into 3 groups according to their post-
stress acquisition time interval, there were no significant
differences among groups in terms of functional parameters
(Table 3).

Age Differences
Comparisons of the mean values of the SFx and DFx

parameters in 3 age groups (�50 y [n � 36], 50–59 y [n �
29], and �60 y [n � 25]) are shown in Table 4. There was
a significant decline in PFR with advancing age (P � 0.005
across age groups). When individual groups were com-
pared, the group �60 y had a lower PFR than the group
�50 y (P � 0.005). TTPF was slightly, but not signifi-
cantly, higher in the oldest group. The relationships between
PFR and age (A) and TTPF and age (B) are illustrated in
Figure 4.

Sex Differences
Comparisons of SFx and DFx parameters in men and

women are shown in Table 5. There was a significant
difference between men and women in volumes, LVEF, and
PFR, such that both EDV and ESV were lower and LVEF
and PFR were higher in women. TTPF was similar in both
sexes. When a 2-SD threshold is applied, the normal limits
for PFR and TTPF in men and women were 1.73 and 1.87
EDV/s, respectively, and 211.4 and 194.1 ms, respectively.

Multivariable Analysis
When multivariable linear regression analysis was used,

sex, LVEF, HR, and age were independent predictors of
PFR (Table 6). On the other hand, none of the available
clinical or SFx variables was predictive of TTPF. Thus,
clinical variables such as sex, age, HR, and LVEF (either by
univariable or by multivariable analysis) were associated
with variation in the PFR values among the clinically ho-
mogeneous low likelihood of CAD population, whereas
TTPF tended to be independent of these influences. Other
available variables, including stress-to-acquisition time,
failed to be predictive of PFR or TTPF in the study popu-
lation.

Normal Limits and Normalcy Rates
By applying a 2-SD cutoff to the mean values in the

derivation group, the normalcy rate in the validation group

TABLE 2
Poststress SFx and DFx Parameters of Study Population

Parameter Derivation group Validation group Overall P value

HR (bpm) 73.6 � 8.0 73.8 � 8.0 73.7 � 8.0 NS
LVEF (%) 63.0 � 5.4 64.6 � 5.8 63.7 � 5.6 NS
EDV (mL) 104.2 � 19.7 107.9 � 21.7 105.9 � 20.6 NS
ESV (mL) 39.1 � 11.5 38.9 � 12.1 39.0 � 11.7 NS
PFR (EDV/s) 2.55 � 0.42 2.70 � 0.50 2.62 � 0.46 NS
TTPF (ms) 166.4 � 25.1 162.3 � 16.5 164.6 � 21.7 NS

HR � HR during poststress gated MPS acquisition; NS � not significant.

TABLE 1
Characteristics of Study Population

Characteristic Derivation group Validation group Overall P value

Males* (%) 41/50 (82) 30/40 (75) 71/90 (79) NS
Age (y) 53.3 � 11.4 52.5 � 10.3 52.9 � 10.9 NS
Resting HR 62.7 � 8.2 61.3 � 8.2 62.1 � 8.2 NS
Resting SBP 126.0 � 16.1 130.4 � 17.2 127.9 � 16.6 NS
Resting DBP 77.0 � 8.3 76.8 � 8.1 76.9 � 8.1 NS
MPHR (%) 95.6 � 5.9 94.1 � 6.1 94.9 � 6.0 NS
(�) Clinical response 0/50 2/40 2/90 NS
(�) ECG response 2/50 2/40 4/90 NS

*Values in parentheses are percentages.
NS � not significant; SBP � systolic blood pressure (mm Hg); DBP � diastolic blood pressure (mm Hg).
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for both TTPF and PFR was 100%. In the overall study
group (90 patients), the thresholds for TTPF and PFR were
�208 ms and �1.70 EDV/s, respectively.

DISCUSSION

The most commonly reported parameters for assessing
DFx are the PFR and the TTPF (22). Using a new algorithm
in QGS software, we assessed these parameters in 16-frame
gated MPS without bad-beat rejection in “normal” patients
early after maximal exercise. The TTPF was stable, not
correlating with any clinical or SFx parameter, whereas the
PFR showed variations with age, EDV, ESV, EF, and HR.

The mean values for PFR (2.62 � 0.46 EDV/s) and TTPF
(164.6 � 21.7 ms) in our normal study population are
similar to those defined in the literature using planar GBPS
(23,24). Using DFx measurements derived from GBPS,
Muntinga et al. assessed the normal values in 20 patients
with chest pain and normal coronary angiography (23) and
reported correlations between PFR and age, EF, and HR
similar to those observed in our study. Additionally, they
observed an intermediate correlation between TTPF and
age. The relationship between PFR and aging has also
been reported in other previous studies of GBPS in the

literature (25,26). In our study, a decrease of PFR with
aging was observed, whereas TTPF did not show any
correlation with age.

Previous studies have also evaluated DFx parameters
derived from gated MPS using 99mTc-labeled radiopharma-
ceuticals. Several studies have shown that these measure-
ments correlate well with those observed with GBPS in
patients with various cardiac diseases (15,16,18,27). None
of these previous studies, however, has studied the range of
values found in patients without evidence of cardiac disease
and their relationship with clinical and SFx variables.

We observed a lower mean PFR value in men. Sex
differences in SFx parameters were previously reported by
Sharir et al. and others (28–30), with EDV being smaller
and EF being higher in women than that in men using gated
MPS. Although these observations suggest that sex adjust-
ment may also be needed for optimal interpretation of the
DFx parameters measured by gated MPS, they may simply
be the result of lower volumes and higher EF found in
women.

Temporal undersampling can adversely affect functional
measurements (7). In general, it has long been stated that
accurate assessment of DFx requires a greater number of

FIGURE 2. Scatter plots of relationship
between PFR and HR (A) and TTPF and HR
(B). Dotted line indicates 2-SD threshold.
Solid line is regression line. In A, correlation
coefficient (r) is 0.514, P � 0.01. In B, TTPF
shows no correlation with HR.

FIGURE 3. Scatter plots of relationship
between PFR and EF (%) (A) and TTPF and
EF (%) (B). Dotted line indicates 2-SD
threshold. Solid line is regression line. In A,
correlation coefficient (r) is 0.529, P � 0.01.
In B, TTPF shows no correlation with EF
(%).
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frames per cardiac cycle than assessment of SFx (14,31,32),
with 32 frames recommended (15,17). However, to obtain
adequate counts for evaluation of DFx in a 32-frame gated
MPS would require longer acquisitions than gated blood-
pool imaging due to the lower counting rates, potentially
exceeding 30 min with conventional 99mTc doses. A recent
study has suggested that the impact of fewer frames on these
measurements may be less than previously thought. Paul et
al. (27) studied the effect of the number of frames on SFx
and DFx assessment with planar GBPS. Using data acquired
at 32 frames per cycle in 19 patients, they subsampled 8
volume points at regular intervals to generate multiple
8-frame volume curves. Although there was an underesti-
mation of DFx parameters in 8-frame GBPS, the values still
correlated fairly well with 32-frame GBPS. These results
were used to support their routine clinical observations
using 10 frames/cardiac cycle tetrofosmin data both at rest
and after bicycle stress showing significant reductions in
PFR and prolongation of TTPF in patients with ischemia.
Since the values that we observed in our population were
similar to previously reported values from GBPS studies
with higher frame rates, we consider it likely that 16-frame
data may suffice for providing adequate temporal resolution
to assess DFx. It is worthy of note that, in our protocol, there
is no extra acquisition time over that used for 8-frame
gating.

Since variations in HR preferentially affect diastolic
rather than systolic time intervals, they can profoundly
affect DFx measurements. It is widely believed that accurate
assessment of DFx must use bad-beat rejection (22). Most
of the prior gated MPS studies of DFx used a narrow R–R
acceptance window (15%–20%) in their gating acquisition
(16,18,27). Our study represents “real-world” conditions in
which bad-beat rejection of gated MPS with narrow R–R
acceptance window data is not routinely applied, providing
a framework for evaluating DFx assessment from standard
gated MPS clinical protocols. Although we excluded pa-
tients with bundle branch block and observed arrhythmia,
the beat length variation in normal individuals at rest could
be sufficient to reduce the accuracy of DFx assessments.
Additionally, imaging was performed early after maximal
exercise; increasing the possibility that HR might have

varied during the acquisition. Nonetheless, the ranges of the
PFR and TTPF observed were not substantially different
from those reported in studies acquired at rest and under
more ideal conditions (23,24). Our findings suggest that
useful assessment of DFx with 16-frame gated MPS may be
possible even without a narrow R–R acceptance window.
Nonetheless, if it becomes possible to acquire data routinely
with bad-beat rejection while not unduly prolonging the
time of imaging through the use of a buffer frame (33), these
measurements are likely to become of greater clinical value.

Although previous studies have indicated that PFR varies
with other parameters, such as HR, EDV, ESV, LVEF, and
age, TTPF appears to demonstrate less variability. Miller et
al. showed that TTPF varies slightly with HR, and does not
significantly correlate with age, but that PFR shows signif-
icant correlations with both of these parameters (26). Iskan-
drian and Hakki also did not find any significant relation
between TTPF and aging, in contrast to PFR (25). Muntinga
et al. found no significant correlation of TTPF with HR and
LVEF; however, they observed an intermediate correlation
between TTPF and age (23). In our study, TTPF did not
vary as a function of SFx, HR, or age. Conceptually, it is
reasonable that there would be less variation of the TTPF
even with variations in beat length without bad-beat rejec-
tion, whereas lack of an arrhythmia filter would be expected
to have a greater effect on PFR as noted. Our findings
suggest that the use of TTPF as the primary DFx variable
may allow useful assessment of gated MPS without any
adjustments for SFx, HR, and age, even when acquired with
16-frame protocols without bad-beat rejection, which are
commonly used. However, the effectiveness of this param-
eter for clinical purposes should be further evaluated in
studies comparing normal populations with abnormal pop-
ulations where abnormal DFx indices are expected. Further-
more, these data need to be applied and validated in CAD
patients and patients with various degrees of systolic dys-
function. Additionally, it would be of interest to assess
TTPF and other gated SPECT DFx parameters at rest,
particularly in cases where ischemic stunning is present, to

TABLE 3
Parameters Categorized According to Stress-to-

Acquisition Time Interval

Parameter

Time interval

P
value

0–30 min
(n � 14)

30–45 min
(n � 33)

�45 min
(n � 43)

PFR (EDV/s) 2.59 � 0.48 2.67 � 0.48 2.58 � 0.45 NS
TTPF (ms) 169.8 � 17.4 165.0 � 27.9 162.6 � 17.4 NS
LVEF (%) 62.2 � 5.2 64.9 � 6.4 63.3 � 4.9 NS

NS � not significant.

TABLE 4
Age Differences Between Poststress SFx and DFx

Parameters

Parameter

Age group

�50 y
(n � 36)

50–59 y
(n � 29)

�60 y
(n � 25)

HR (bpm) 76.4 � 7.6 72.0 � 7.2 71.6 � 8.5
LVEF (%) 62.5 � 5.8 63.7 � 6.4 65.6 � 3.6
EDV (mL) 106.2 � 22.0 110.3 � 19.6 100.2 � 18.9
ESV (mL) 40.4 � 12.2 40.8 � 12.6 34.8 � 9.1
PFR* (EDV/s) 2.81 � 0.49 2.58 � 0.45 2.37 � 0.29
TTPF (ms) 163.1 � 17.1 161.6 � 15.8 170.2 � 31.4

*P � 0.005; across 3 groups and age group �50 y vs. �60 y.
HR � HR during poststress gated MPS acquisition.
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determine whether these assessments of resting diastolic
dysfunction provide a predictor of stress-induced abnor-
mality.

The major limitation of our study is that we did not use
bad-beat rejection; our acquisition protocol was a standard
clinical routine, using an R–R acceptance window set to
100%. This factor may reduce the accuracy of the DFx
measurements and could reduce the ability of this approach
to detect early diastolic dysfunction; however, our findings
that TTPF does not appear to be affected by HR suggest that
TTPF may be less affected by the absence of bad-beat
rejection. The patients in this study were not healthy vol-
unteers but were referred to rule out CAD and were found
to have a low likelihood of CAD on the basis of testing.
Thus, the population was clinically homogeneous and was
similar to the population that we initially proposed and
others have commonly used as an alternative to the “normal
cath” population (34). Though we consider this an advan-
tage by not representing “the wellest of the well,” some of
these patients may actually have had diastolic dysfunction
during exercise.

Finally, we had not performed a head-to-head compari-
son with the gold standard blood-pool studies in our popu-
lation. However, when the mean values derived from our

poststress data were compared with the gated blood-pool
studies in the literature, it was observed that the evaluation
of DFx using 16-frame gated stress 99mTc MPS is feasible
and is in accordance with the published data. Determination
of the degree to which standard 16-frame gated MPS ac-
quisitions can be useful clinically would require further
study of patients with both normal and abnormal DFx.

CONCLUSION

With a new algorithm, assessments of LV DFx can be
performed with 16-frame gated MPS using QGS even with-
out bad-beat rejection, resulting in normal limits similar to
those reported with gated blood-pool studies. Because of the
dependency of PFR on SFx parameters, HR, and age, TTPF
appears to be a more stable parameter with this approach,
independent of the influence of other clinical factors. The
clinical usefulness of these findings requires further study.

FIGURE 4. Scatter plots of relationship
between PFR and age (A) and TTPF and
age (B). Dotted line indicates 2-SD thresh-
old. Solid line is regression line. In A, cor-
relation coefficient (r) is �0.348, P � 0.01.
In B, TTPF shows no correlation with age.

TABLE 5
Sex Differences Between Poststress QGS Parameters

Assessed

Parameter Men (n � 71) Women (n � 19) P value

Age (y) 53.2 � 10.7 51.8 � 11.5 NS
HR (bpm) 73.3 � 7.8 75.0 � 8.7 NS
LVEF (%) 62.9 � 5.1 66.8 � 6.3 �0.01
EDV (mL) 109.7 � 19.7 91.4 � 17.2 �0.001
ESV (mL) 41.2 � 11.1 30.5 � 10.5 �0.001
PFR (EDV/s) 2.53 � 0.40 2.95 � 0.54 �0.001
TTPF (ms) 165.2 � 23.1 162.3 � 15.9 NS

NS � not significant; HR � HR during poststress gated MPS
acquisition.

TABLE 6
Multivariable Regression Analysis for Prediction of PFR

and TTPF

Variable
�-

Coefficient
95% CI for � (lower

bound � upper bound) P value

Model for PFR
R � 0.779; R2 � 0.607; adjusted R2 � 0.589; SEE � 0.296
Age �0.405 (�0.023) � (�0.011) �0.001
Male sex �0.188 (�0.372) � (�0.051) �0.05
LVEF 0.484 (0.027) � (0.053) �0.001
HR 0.274 (0.007) � (0.024) �0.001

Model for TTPF
R � 0.120; R2 � 0.014; adjusted R2 � �0.032; SEE � 22.059
Age 0.059 (�0.344) � (0.581) 0.613
Male sex 0.057 (8.958) � (14.946) 0.620
LVEF 0.041 (�0.808) � (1.130) 0.742
HR �0.074 (�0.843) � (0.438) 0.531

95% CI � 95% confidence interval; R � 	-coefficient.
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