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Abstract

Purpose: The exercise heart rate (HR)/oxygen uptake (VO,) relationship, expressed as beats/metabolic
equivalent (MET), represents chronotropic efficiency (CE), a widely cited “normal value” ~10 beats/MET.
This analysis examined the range of beats/MET values observed at peak oxygen uptake (VO,,.,) in
patients with and without heart failure and the impact of superimposed atrial fibrillation (AF) versus
sinus rhythm (SR).

Methods: From Medline and Google Scholar searches, a database of 100 studies for SR and 46 for AF
was identified. Study requirements included: 1. HR__, 2. HR .. and 3. Measured peak oxygen uptake i.e.
VO From these data, the following were determined: (a) HR reserve (HRR) [HR - HR ], (b) For

eak res
VO beats/MET equalled HRR/(peak METs-1) and (c) HR index (HRI) [HR__ /HR ]p '

peak’ rest’”

2peak”
2peak’
Results:VO,  expressed as METs, was grouped from <4 METs to a maximum of >14 METs. For SR, beats/
MET ranged from 14.9 +3.8forVO,  <4METsto89+0.8forVO,  >14METs.For AF, beats/MET ranged
from 20.5 + 5.9 forVO, <4 METs to 15.1 £ 2.0 fora Vo, ., range of 6.0-7.9 METs. For comparable MET
ranges, beats/MET were 21% to 38% higher for AF than SR.

Conclusions: These unique findings establish a range of beats/MET, reflecting the considerable variability
in CEin health and disease for VO, .The most compromised group was AF with heart failure, >20 beats/
MET, compared with <9 beats/MET for elite endurance athletes. Future studies are needed to clarify the
potential clinical utility and/or prognostic significance of this metric.

Keywords: Beats/MET, Heart rate reserve, Heart rate index, Sinus rhythm, Atrial fibrillation

Abbreviations: AF: Atrial Fibrillation; ASCVD: Atherosclerotic Heart Disease; CE: Chronotropic Efficiency;
CO: Cardiac Output; HF: Heart Failure; HR: Heart Rate; HRI: Heart Rate Index; HRp : Peak Heart Rate; HRR:

eak”

Heart Rate Reserve; HR __: Resting Heart Rate; MET: Metabolic Unit; SR: Sinus Rhythm; SV: Stroke Volume;
VO,: Oxygen Uptake

Introduction

The adaptation of cardiac output (CO) to increasing exercise intensity can be compromised by
atherosclerotic cardiovascular disease (ASCVD) resulting in reduced maximal or peak oxygen uptake
(VO,,.,)- Within a physiological range of daily activities requiring multiples of the resting energy
expenditure, expressed as 1 metabolic equivalent (MET) or 3.5 mLO,/kg/min) [1], the relationship
between CO and oxygen consumption (VO,) is linear [2]. Stroke volume (SV) can be reduced
from ASCVD or structural heart disease, with a failure to normally increase during exercise [3]. The
primary compensatory mechanism to maintain an appropriate VO, is an increase in heart rate (HR),
together with blood volume redistribution and increased tissue extraction of oxygen [4-6].

Swain ez al. have studied the relative relation between HR and VO, for the purpose of exercise
prescription using AHR/AVO, i.e. (HR activity — HR rest)/(METs activity — 1 MET) which, when
applied to maximal performance, equals heart rate reserve (HRR)/(peak METs — 1), where HRR =
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HRpeak - HR [7,8]. This, by definition, represents “chronotropic
efficiency” (CE), where the “beatss/MET” increment also reflects
the inotropic efficiency of the heart. With compromised cardiac
function, “beats/ MET” increases. This term is relevant to CO during
incremental exercise, as it indicates the impact of altered SV, with the

“normal” value for CE ~10 beats/ MET [9,10].

Although chronotropic incompetence, (attenuation of the HR
response to exercise) and heart rate recovery, HRR, ., (delayed HR
decrease during exercise recovery) have been extensively studied
to determine their potential prognostic utility, [11-13] few data
are available regarding the impact of aging and ASCVD on CE.
Progression of ASCVD can lead to heart failure (HF), with either
reduced or preserved ejection fraction. Both are associated with
increased mortality, stroke and hospitalization, which appears to
be exacerbated by the transition from sinus rhythm (SR) to atrial
fibrillation (AF) [14,15]. Several studies indicate that restoration
of SR with catheter ablation reduces symptomatology, decreases
hospitalization and increases survival [16-18].

The present analysis used a large exercise database to determine the
impact of both SR and AF on CE, clarifying the range of beats/ MET
at VO, peak associated with this disease-related common arrhythmia,
with and without HE

Methods
Methodology

This study employed a physiological data analysis using results
(heart rate and oxygen uptake) extracted from previously published
exercise studies meeting selected criteria, to clarify the heart rate/
oxygen uptake relationship at VO, expressed as “beats/ MET”. To
date, limited data are available regarding the variability in this metric.
To assess the continuum in “beats/MET” in health and disease, a
large database was constructed to evaluate the range in values of this
variable as well as relevant potential modulators. Recognizing that
heart rhythm was integral to methodology and outcomes, separate
data sets were constructed for both SR and AE Other possible
influencers, including the level of cardiorespiratory fitness (VO,peak)
and HE were also examined.

Study selection

MEDLINE, Google Scholar and cross-referencing were used
to identify exercise studies of SR and AE with exercise or aerobic
capacity determined during cycle ergometry, treadmill testing or
both. For SR, a limit of 100 studies was set, involving subjects with
and without ASCVD as well as structural heart disease. In the limited
number of included HF studies (N = 19), methodology had to clearly

state that subjects were in SR as AF was an exclusion criterion. For AE,
46 studies were identified, 17 of which involved HE Suitability for
the AF database included subjects that had chronic/permanent AF
with no evidence of electrical pacing at the time of exercise testing.
Paroxysmal AF was an exclusion criterion. To avoid redundancy or
duplicative inclusions, study selections excluded publications having
similar patient cohorts based on the date of publication or research
canters involved. Details of the SR and AF studies used are shown in

the Supplementary files.
Eligibility criteria

For eligibility for final selection, studies were required to have the
following information:

1. Resting HR (HR ), 2. Peak HR (HRpeak) and 3. Peak VO,
Vo, ,
milliliters of oxygen per kilogram per minute (mL/kg/min) or as
METs, determined by conventional gas analysis equipment. VO,
measurements were converted to METs using the definition of

measured VO, /VO, with VO, __ equal to 3.5 mLO,/kg/min [1].

) as a direct measurement of VO, expressed either as

From group mean values of HR and HRpeak, both HRR [HRP&k
— HR_] and HR index (HRI), [HRPeak/HRm[] were calculated. A
regression analysis of HRIL , to VO, . expressed as METs was
determined separately for SR and AE

Statistical analyses

Categorical variables were expressed as numbers and percentages
with continuous variables expressed as mean + standard deviation.
Student’s paired 7 test (2-tailed) was used to compare HR-derived
and VO, variables. Excel Data Analysis was used to determine the
linear relationship (least squares method) of HRI to METs of VO,
data with the inclusion of the coefhicient of determination (R?) and
the standard error of the estimate (SEE).

Results

The demographics of the SR and AF databases are shown in
Tablel. (References and patient characteristics [age, gender, test
methodology (e.g., treadmill, cycle ergometer), test protocol and
clinical status] for SR and AF are listed in Supplementary Material).

The most notable features relate to the larger number of subjects
contributing to the SR database, 28,936 compared with 3,452
subjects in the AF database, and a more diverse age range for SR,
10-70 years, the median age being 45.0 years and for AF, a range
from 48-79 years, with a median age of 64.8 years. Gender profiles
were similar; SR, 70% men and AF, 74% men.

Table 1. Number of studies and data points for sinus rhythm and atrial fibrillation by age and sex.

Sinus Rhythm

Atrial Fibrillation

Studies 100
Subjects (median per study) 28,936 (68.5)
Age range years (median) 10-70 (45.0)
Gender, %men 70

Data Points 228

46
3,452 (31.5)
48-79 (64.8)
74
97

Results expressed as total number for studies, number of subjects, age range in years, gender as %men and data points (combined submaximal and

maximal).
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The limitation of VOZpeak expressed as METs in AF versus SR is
shown in the comparative histogram distribution below (Figure 1).

For AF, there was a total of 97 data points ranging from 1.4 METs
to a maximum of 7.4 METs. By comparison, for SR with a total
228 data points, VOZPC:‘k ranged from 2.9 METs to 16.3 METs. The
higher number of data points for both SR and AF in the 4.0-5.9
MET range related to the inclusion of HF studies to allow for a

more comprehensive analysis of heart rhythm on CE. For VO, for

both SR and AF, peak CE was calculated from the formula, (HR

cak
—HR_)/ (VOZPCJk -1) expressed as beatss/MET. Results for both gR

and AF were grouped into seven VO, , categories ranging from <4
METs to >14 METs, the increment with each MET category being
1.9 METs, as shown in Table 2 and in graphic form in Figure 2.

Three MET ranges (< 4, 4.0-5.9 and 6.0-7.9 METs) are common
to both AF and SR. For the lowest MET range, <4 METs, beats/

Data Points

80
70
60
50
40
30
20

10 H
o - 1

MET range

Peak VO,

MET was 37.6% greater for AF than SR with respective values being
20.5 + 5.9 and 14.9 + 3.8 beats/ MET. For the 4.0-5.9 and 6.0-7.9
MET categories, the percentage difference was 24.1% and 20.8%,
respectively. For both rhythms there is a decreasing gradient in beats/
MET with increasing VO,  MET category. For SR this decreases
from 14.9 + 3.8 beats/METs for the category of <4 METs to 8.9
+ 0.8 beats/MET for the 14+ METs category. For AF, beatssMET
decreases from 20.5 + 5.9 for < 4 METs to 15.1 + 2.0 for the 6.0—
7.9 MET category. Inclusion of HF studies in both heart rhythm
databases provided a comparison of HR parameters, as shown in

Table 3.
In subjects with HE although the HR values for HR , HR

Test cak
and HRR for both SR and AF are remarkably similar, the mepan
MET and beats/MET results show highly significant differences.

For VOZpCszETS’ mean levels for SR and AF were 5.2 + 1.3 and 4.1

W Atrial Fibrillation
OSinus Rhythm

Figure 1. Exercise capacity expressed as Peak METs for sinus rhythm and atrial fibrillation (peak METs were expressed in increments of 1.9 METs and

ranged from <2 METs to 16+ METs).

Table 2. Chronotropic efficiency expressed as beats/MET for sinus rhythm and atrial fibrillation (peak METs were expressed in increments of 1.9 METs

and ranged from < 4 METs to 14+ METs).

MET range N HRR METs beats/MET
Atrial Fibrillation

<4 12 46.1 £16.2 33+06 20.5+5.9
4.0-5.9 54 67.6 £14.7 5.1+£0.6 16.5 £ 3.1
6.0-7.9 31 83.2+10.6 6.5+0.5 15.1£20
Sinus Rhythm

<4 14 38.0+85 36+03 149+3.8
4.0-5.9 74 51.6+10.6 49+0.6 133+24
6.0-7.9 37 742+13.2 6.9+0.6 125+1.8
8.0-9.9 41 92.8 +10.1 8.9+0.6 11.8+£1.2
10.0-11.9 30 107.3 £ 14.1 10.8£0.5 11.0£1.2
12.0-13.9 21 120.5+6.5 129+0.7 10.2+0.8
14+ 1 127.0+10.8 15.4+0.6 89+0.8

Abbreviations: HRR: Heart Rate Reserve; MET: Metabolic Equivalent; beats/MET: Beats Per Metabolic Equivalent. N: number of data points; for METs and

beats/MET values. Results are expressed as Mean + SD.
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CHRONOTROPIC EFFICIENCY

Beats/MET
28 Adapted from Table 2. showing the range
of chronotropic efficiency (beats/MET) for
24 peak VO, (METs) for atrial fibrillation ()
and sinus rhythm (Q).
Results shown as mean + 1SD
20
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Figure 2. Chronotropic Efficiency.

Table 3. Number of heart failure studies and data points of heart rate variables and beats/MET for sinus rhythm and atrial fibrillation.

Sinus Rhythm Atrial Fibrillation P value

Studies 19 17

Data points 54 26

HR_, 759493 759+7.1 0.98

HR ., 131.7£153 131.4£19.2 0.94
HRR 55.8+14.3 55.4+16.5 0.92
METs 52+13 4.1+09 <0.001
beats/MET 13.6+£23 184 £5.1 <0.001

Abbreviations: HR __ Resting Heart Rate; HR

rest: peak’

: Peak Heart Rate; HRR: Heart Rate Reserve; METs: Metabolic Equivalents. Results expressed as Mean + SD

+ 0.9 MET;, respectively (P<0.001) and for beatss/MET, respective
levels for SR and AF were 13.6 + 2.3 and 18.4 + 5.1 (P<0.001).
Linear regression of the relationship of VO,  expressed as METs
to HRI for both SR and AF is shown in Figure 3 (Figure 3a. Sinus
rthythm, Figure 3b. Atrial fibrillation).

For SR, linear regression was 6.091x — 5.062 (R*= 0.882, SEE
1.16 METs or 3.96 mL Oz/kg/min.) and for AF, linear regression
was 3.673x — 1.455 (R*= 0.459, SEE 0.85 MET or 2.97 mL O,/
kg/min).

Discussion

The present analysis evaluated the impact of cardiac rhythm,
specifically SR versus AE, a common manifestation of ASCVD and/
or structural heart disease, on CE expressed as beats/ MET. Swain
et al. presented data in the relative form of % AHRR/% AVO,,
whereas in this study, results are expressed in absolute terms, HR
for HRR and METs for AVO, [7, 8]. The authors conducted this
investigation to clarify the variability associated with the simplistic
generalization that the “normal” value of CE ~10 beats/MET [9,10].

Our findings show that as cardiac function is progressively
compromised by disease, there is a reduction in VO,
age-related values. CE expressed as beatssMET increases, and
concomitant AF further increases the magnitude of compromise.

. from normal
cal

For both SR and AFE with decreasing levels of VO, there is a
commensurate increase in CE as beats/MET. As a linear relationship
exists between CO and VO, (Fick principle) this indicates that the
higher HR associated with beats/MET is a mechanism compensating
for a reduction in SV [19,20]. For SR, for the VOZP%Ik category with
greatest impairment, i.e. <4 METs, the corresponding value was 14.9
+ 3.8 beats/ MET. For the highest VO, peak category of >14 METs,
the corresponding value was 8.9 + 0.8 beats/MET. The gradient for
AF was even greater, the <4 MET category having a corresponding
value 0of 20.5 + 5.9 beats/MET.

In determining the effect of heart rhythm on left ventricular
performance, an analysis of the HRI/VO, relationship was
undertaken. The consistency of the HRI/VO, relationship for SR
is again shown in the results of this study with the linear regression
equation reflecting previous studies [21,22]. For SR, 88.2% of the
variance in VO, data (expressed as METS) is explained by HRI.
By comparison, for AF the variance in VO, data was substantially
lower at 45.9%. This difference between the SR and AF may be
explained by abnormal cardiac function arising from AF which
limits preload. In comparing the effect of SR and AF on men with
HE investigators reported a VOZWlk 20% lower in patients with AF,
the loss of atrial contraction being a major contributing factor [23].
For the AF/HF group, VO, speakc WAS 13.8 mL/kg/min (3.9 METs)
compared with 17.1 mL/kg/mm (4.9 METs) in the SR/HF group,
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Figure 3. Linear regression of the relationship of VO, _,

results similar to that shown in Table 3 derived from this study [23].
In AE multiple mechanisms can compromise CO during exercise.
These may include: shortened diastolic filling times which may
lead to the development of tachycardia induced myopathy [17];
elevated left atrial and left ventricular filling pressures; impaired left
ventricular relaxation and diastolic dysfunction; atrial and ventricular
remodeling, fibrosis, and myopathy associated with chronicity
[24]; and, increased mitral regurgitation, reported in a significant
proportion of patients with chronic AE [25-28] or combinations
thereof.

As “beatssMET” at VO, , has the potential to serve as a
prognostic indicator, a comparison with chronotropic incompetence
is of interest. However, for several reasons, this analysis was beyond
the scope of our study. Different definitions of chronotropic
incompetence based on the percentage of age-predicted maximal heart
rate attained have been used in previous studies focused on prognosis
[29]. Moreover, with the frequent use of beta-blockers in treating
cardiovascular disease, particularly HE the percentage of achieved
age predicted maximal heart may be markedly attenuated and further
influenced by the time of beta-blocker ingestion [30]. Alternative
definitions, such as chronotropic index and metabolic reserve have
been suggested. Finally, there is no current standard definition of
chronotropic incompetence that applies to all cardiovascular disease
states and adherence to prescribed pharmacological treatment agents

HR Index

expressed as METs to HRI for both SR and AF. a) Sinus rhythm, b) Atrial fibrillation.

may serve as an additional confounder.

Three relevant issues are pertinent to this discussion. First, AF may
be symptomatic and limit physical activity. Data from two large scale
studies, the Euro Heart Survey on Atrial Fibrillation (1,554 subjects
with permanent AF) and the Orbit-AF study (2,054 subjects with
persistent and long-standing persistent AF) reported associated
symptoms in 55% to 62% of subjects [31,32]. Additionally, patients
with AF are confronted with quality of life issues that may impact
their medical management [33].

Second, whereas the safety and efficacy of catheter ablation in
treating AE, most notably symptomatic paroxysmal AF and subsets
with HE has been reported [34-36], the overwhelming majority
of people with chronic AF currently rely on optimal medical
management of cardiac function and relevant comorbidities.
Accordingly, Australia has an estimated population of 500,000 with
chronic AF [37]. Recent Australian Medicare statistics listed 11,068
catheter ablations for 20242025, which represents ~ 2% of the total
AF population [38].

Third, the safest and most effective methods for exercise testing
and training in chronic AF have been reviewed [39]. A recent
study of 86 patients with AF (mean age 69 years, 66% male, mean
baseline VO 5.1 METs) compared high intensity interval

2peak’
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training with moderate intensity continuous training [40]. No
significant post-intervention differences between the two groups
were observed in either a 6-minute walk test distance or quality of
life measures. Dropouts were higher in the high intensity interval
training group, and the authors noted the greater number of
exercise-related complications (e.g., joint injuries) in this cohort
[40]. Collectively, these data and other recent reports [41] suggest
caution when initiating high intensity interval training in previous
sedentary patients with known or suspected ASCVD, especially
those with impaired left ventricular function (i.e., HF). The present
findings extend these observations and suggest that in such patients
with concomitant AF, CE is further compromised, suggesting the
advisability of initiating more moderate exercise regimens in this
patient subset, particularly in unsupervised, nonmedical settings.

Conclusions

The generalization that the HR/VO, relation, reflected by CE ~10
beats/MET is applicable to a healthy untrained population, requires
a broader perspective. With aerobic capacity ranging from severe
functional impairment due to HF to high levels of cardiorespiratory
fitness observed in elite endurance athletes, this metric required
clarification in varied populations. The present study identified a
range of CE from 8.9 beats/MET in trained athletes to 20.5 beats/
MET in patients with severe HF and concomitant AF, reflecting
the impact of health and disease on cardiac function, namely the
interplay of CO and its determinants, HR and SV. Further research
is warranted to determine whether this HR/VO, derived variable,
expressed as beats/MET, provides independent and additive
prognostic significance that may be helpful in the management and
risk stratification of patients with ASCVD and/or structural cardiac
abnormalities.

Study Limitations

In using HR data from two databases, 100 studies for SR and
46 studies for AF, no attempt was made to discriminate the
method for measurement of HR. HR  may be recorded in a
supine, seated, or standing position using various time intervals
at rest before measurement. As such, this measurement lacks
standardization. Similarly, HR
averaged measurement. No specifications were placed on the
method or timing of direct measurement of VO, . other than
with conventional gas analysis equipment. As “beats/MET” can be
considered a HR- derived variable, the authors arbitrarily labelled it
“chronotropic efficiency”, acknowledging that this metric has been

may relate to a single or time-

previously reported in the literature and is widely considered as ~10
beats/MET [9,10]. The present findings suggest that this value may
vary considerably in health and disease, highlighting the modulating
impact of VO, el HF as well as heart rthythm (SR vs AF), either
alone or in combination, with practical implications for exercise
testing, training and prescription.
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