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SUMMARY

Analysis of short-term (5-minute) heart rate variability (HRV) may provide useful information about auto-
nomic nervous control of the cardiovascular system. The aim of the present study was to evaluate the association
between the results of treadmill exercise testing (TET) and short-term (5-minute) HRV. Patients undertaking TET
were anteriorly evaluated with short-term (5-minute) HRV over time (SDNN, RMSSD, NN50 count, pNN50) and
frequency (LF, HF, total power) domains. Among 414 patients, 32 individuals (7.7%; 14 men) had nondiagnostic
results. The nondiagnostic group had older age, higher body mass index, more hypertension, lower SDNN, lower
LF, and higher HF than the negative group. After adjustment for potential confounders, SDNN (OR 0.94, 95% CI
0.91-0.97; P = 0.01), RMSSD (OR 0.96, 95% CI 0.93-0.99; P = 0.02), NN50 count (OR 0.98, 95% CI 0.97-1.00;
P =0.04) and LF (OR 0.96, 95% CI 0.96-0.99; P = 0.03) were negatively related to nondiagnostic results, and HF
showed a positive effect (OR 1.04, 95% CI 1.01-1.05; P = 0.02). No HRV indices were significantly associated
with positive results. Our study suggested that cardiac autonomic indices derived from short-term HRV recordings

might predict nondiagnostic results of TET. (Int Heart J 2010; 51: 105-110)
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eart rate variability (HRV) represents one of the
H most promising quantitative markers of autonomic
activity.” HRV in the time and frequency domains
is a noninvasive, convenient tool for evaluation of autonom-
ic nervous physiology.” Time domain analysis estimates the
variation of differences between successive RR intervals
through indices developed by statistical methods. Frequen-
cy domain analysis estimates respiratory-dependent high
frequency and low frequency power through spectral analy-
sis. High frequency power is considered to be mediated
mainly by vagal activity, while low frequency power has
been suggested as predominantly sympathetic modula-
tion.> The most commonly used frequency domains in-
clude LF, low frequency power; HF, high frequency power;
and total power. Short-term (5-minute) recording is a relia-
ble tool to obtain these HRV measures.”

Exercise electrocardiography is one of the most fre-
quent noninvasive modalities used to assess patients with
suspected or proven cardiovascular disease.” Meta-analysis
of 147 consecutively published studies involving 24,074
patients who underwent both standard exercise testing and
coronary angiography revealed a wide variability and mod-
est acceptability in sensitivity and specificity (mean sen-
sitivity was 68%, with a standard deviation of 16%; mean
specificity was 77%, with a standard deviation of 17%).*”
Although the modest sensitivity of exercise electrocardi-

ography is generally less than the sensitivity of imaging
procedures, such as single-photon emission computed to-
mography imaging of myocardial perfusion and positron-
emission tomography,” exercise testing is still widely
available and relatively low-cost. The interpretation of
exercise test results for diagnostic and prognostic purposes
requires consideration of maximal work capacity.”” When
a patient is unable to complete moderate levels of exercise
or reach at least 85 percent of age-predicted maximal heart
rate, the level of exercise performed may be inadequate to
test cardiac reserve.”” Therefore, ischemic electrocardio-
graphic abnormalities may not be evoked and the test may
be nondiagnostic. Chronotropic incompetence manifested
in many of the nondiagnostic treadmill tests may reflect
the autonomic drive during the exercise, either inadequate
sympathetic tone or over enhancement of parasympathetic
drive.

We hypothesized that the chronotropic incompetence
during treadmill testing could be reflected by baseline au-
tonomic nerve tone detected with short-term (5-minute)
HRV. The aim of this study was to evaluate the association
between HRYV indices obtained from short-term (5-minute)
electrocardiographic recordings and treadmill exercise test
results.
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METHODS

Study population: The study cohort consisted of 414 con-
secutive patients (233 men; mean age, 54 + 12 years) who
underwent symptom-limited exercise testing combined
with a short-term (5-minute) HRV examination for evalua-
tion of suspected coronary artery disease in our out-patient
department between February 2007 and June 2008. Patients
were recruited if they were without any peripheral vascu-
lar occlusion diseases, left ventricular hypertrophy with a
strain pattern on 12-lead electrocardiography, left bundle-
branch block, the pre-excitation syndrome, critical valvular
heart diseases, critical pulmonary diseases, an implanted
pacemaker, frequent premature atrial or ventricular contrac-
tions, or atrial fibrillation. We also excluded patients with
contraindication to or inability to perform treadmill exercise
testing. A review of each patient’s chart and a structured
interview were conducted to gather data on symptoms,
medications, coronary risk factors, and other diagnoses.
Traditional risk factors for coronary artery disease, includ-
ing diabetes mellitus, hypertension, hypercholesterolemia,
and current smoking, were all carefully evaluated in each
patient. Diabetes mellitus was diagnosed if the fasting plas-
ma glucose concentration was > 125 mg/dL on two separate
occasions or if the subject was being treated with insulin or
oral hypoglycemic agents. Hypertension was diagnosed if
blood pressure was > 140/90 mmHg on three occasions or
if the subject was taking any antihypertensive medication.
Hypercholesterolemia was defined as a total serum choles-
terol concentration > 200 mg/dL or the use of lipid-lower-
ing therapy. Smokers were defined as those who habitually
smoked cigarettes (> 20 cigarettes/day) at the start of this
study. A family history of premature coronary artery disease
(CAD) was defined as patients whose parents, siblings, or
grandparents had CAD before the age of 55 years in men
and 65 years in women. Antihypertension drugs were also
carefully reviewed in hypertensive patients. All patients
were asked to refrain from taking their medications for one
day before each test. All patients gave written informed
consent for this study, and the study protocol was approved
by the Human Research Committee of our hospital.

Short-term (5-minute) heart rate variability recordings: Be-
fore any testing, all measurements (including blood pres-
sure and heart rate) were made with the patient supine for
20 minutes in a quiet, temperature-controlled laboratory at
26 + 1°C. Version 3.0 of the “CheckMyHeart (CMH)” HRV
analysis software (CheckMyHeart, Taiwan) was used for
all transformations and analyses. The total recording time
was 5 minutes. CMH is a single-lead electrocardiography
recorder (lead I or lead II is available). Beat-by-beat RR in-
terval values (resolution 4 ms) were obtained from the ECG
signals using CMH software. The CMH software will reject
irregular RR intervals (non-NN interval) automatically.
However, the CMH software also provides the manual fil-
tering of non-NN intervals. Detrended time series were cu-
bically interpolated and resampled at 1 Hz. After detrending
via least-square second-order polynomial fitting, the power
spectral density of RR interval time series was estimated by
discrete Fourier transformation (DFT). The powers in the
low-frequency (LF ms’, 0.04-0.15 Hz), high-frequency (HF
ms’, 0.15-0.40 Hz), and total power (TP ms”, approximately
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< 0.4 Hz) bands were obtained by numerical integration.
Spectral analysis was also performed using the autoregres-
sive method (Burg algorithm) with spectral decomposition
and Johnson Andersen algorithm. Autoregressive model or-
der was set at 16. Spectral powers of the LF and HF bands
(LF-AR and HF-AR) were computed summing the respec-
tive spectral components. Components showing < 10% of
the overall power in the band were ignored as they probably
represented pure noise contributions.

We also computed time-domain HRV parameters suit-
able for short-term analysis: SDNN, RMSSD, NN50 count,
and pNN50. The RMSSD method is preferred to pNN50
and NN50 count because it has better statistical properties.
All 4 time-domain parameters were also calculated for the
detrended R-R interval series for all examination periods.
Exercise protocol: All patients were tested using the stand-
ard symptom-limited Bruce’s treadmill protocol with a
commercially available system (CASE 6.5; GE Medical
Systems, Milwaukee, WI, USA). All patients were in-
structed not to eat, drink caffeinated beverages, continue
cardioactive medication, or smoke any kind of tobacco for
12 hours before testing, and to wear comfortable shoes and
loose-fitting clothes for the test. After the standard 12-lead
ECG was recorded, a torso ECG was obtained in the supine
position as well as in the sitting or standing position. The
12-lead ECG, heart rate response, and blood pressure were
recorded at baseline, during each stage of exercise, at peak
workload and at 1-minute intervals for 8 minutes after exer-
cise. If a patient showed ominous symptoms or signs (mod-
erate to severe angina, a drop in systolic blood pressure of >
10 mmHg from baseline, cyanosis or pallor, sustained ven-
tricular tachycardia, ST elevation > 1.0 mm in noninfarct
leads without diagnostic Q-waves, or difficult breathing),
the treadmill test and recording were stopped. The results
of the treadmill exercise were interpreted by three cardiolo-
gists blinded to the patients’ backgrounds.

For the purpose of interpretation, the PQ junction was
chosen as the isoelectric point. The development of 0.10
mv (1 mm) or greater of J point depression measured from
the PQ junction, with a horizontal type or down-sloped type
of ST segment, depressed > 0.10 mv for 80 msec after the J
point in three consecutive beats with a stable baseline, was
considered an abnormal response. When the 80 msec after
the J point measurement was difficult to determine at rapid
heart rates, the 60 msec after the J point measurement was
used.

The New York Heart Association (NYHA) functional
class was also recorded for each patient according to the
achieved metabolic equivalents (METs). One MET is equiv-
alent to 3.5 mL of Oy/kg'/min” of body weight. NYHA
functional class I was defined as METs > 7; II as METs
between 5 and 6; and III as METSs between 2 and 4. NYHA
functional classes II and III were considered impaired exer-
cise capacity. We excluded patients with impaired exercise
capacity.

Classic criteria for myocardial ischemia include hori-
zontal ST segment depression observed when both the J
point and ST 80 depression are 0.1 mV or more and ST seg-
ment slope is within the range of 1.0 mV/sec. Downsloping
ST segment depression occurs when the J point and ST 80
depression are 0.1 mV and the ST segment slope is -1.0
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mV/sec. When a patient is unable to reach at least 85% of
age-predicted maximal heart rate and has none of the clas-
sic criteria for myocardial ischemia, the result of treadmill
exercise test is nondiagnostic.”

Statistical analysis: Continuous variables are presented as
the mean + standard deviation (SD). Differences between
groups were compared using Student’s z-test or chi-square
test, as appropriate. For descriptive purposes, the patients
were divided into three groups on the basis of the results
of treadmill exercise testing. Multiple logistic regression
analyses were used to assess the independent factor for the
treadmill exercise test results. Statistical significance was
set at P < 0.05 based on a two-sided calculation. All analy-
ses were performed using SPSS software, version 11.5 for
Windows (SPSS Inc., Chicago, IL).

RESULTS

Among 414 patients, 32 individuals (7.7%; 14 men)
had a nondiagnostic result for the treadmill exercise test, 53
individuals (12.8%; 32 men) had a positive result, and 329
individuals (79.5%; 187 men) had a negative result.
Comparison between nondiagnostic group and negative
group: The nondiagnostic group had older age (59 + 11
years versus 51 + 12 years; P < 0.01) and higher body mass
index (26.3 + 3.5 kg/m’ versus 25.0 + 3.3 kg/m*; P < 0.05).
There was more hypertension (62.5% versus 37.1%; P <
0.01) in the nondiagnostic group. There were no differences
in waist circumference, other risk factors, or drug history
between these two groups (Table I). The nondiagnostic
group had a lower baseline heart rate before testing (65 + 9
beat/min versus 74 + 11 beat/min; P < 0.001), and shorter
exercise duration (427 + 111 s versus 539 + 122 s; P <
0.001) (Table II). In time domain analysis, there was only

lower SDNN (26 + 13 ms versus 37 + 21 ms; P < 0.01)
in the nondiagnostic group. In frequency domain analysis,
there were lower LF (52 + 23 n.u. versus 63 = 17 n.u.; P <
0.01) and higher HF (47 £ 22 n.u. versus 37 = 17 n.u.; P <
0.01) in the nondiagnostic group (Table II). No other pa-
rameters of heart rate variability were significantly different
between these two groups.

Comparison between positive group and negative group:
The positive group had older age (57 + 9 years versus 51 +
12 years; P < 0.01), higher systolic blood pressure (141.1 +
23.8 mmHg versus 133.1 = 21.8 mmHg; P < 0.05), and
higher pulse blood pressure (54.2 + 26.2 mmHg versus
47.8 = 17.1 mmHg; P < 0.05). Hypertension (45.3% versus
37.1%; P < 0.01) and f-blocker use (45.3% versus 21.9%;
P < 0.001) were greater in the positive group. There were
no differences in waist circumference, body height, body
weight, body mass index, other risk factors, or drug history
between these two groups (Table I). The positive group had
shorter exercise duration (492 + 83 s versus 539 + 122 s; P
< 0.01) (Table II). In time domain analysis, SDNN (31 +
10 ms versus 37 = 21 ms; P < 0.05) and NN50 count (9 +
12 versus 20 + 36 ms; P < 0.05) were lower in the positive
group (Table II). No other parameters of heart rate variabil-
ity were significantly different between these two groups.
Association between heart rate variability and nondiagnostic
and positive results of treadmill exercise testing: We used
a multivariate logistic regression model to determine the
association between nondiagnostic and positive results of
treadmill exercise testing. After adjustment for potential
confounders, SDNN (odds ratio 0.94, 95% confidence in-
terval 0.91-0.97; P = 0.01), RMSSD (odds ratio 0.96, 95%
confidence interval 0.93-0.99; P = 0.02), NN50 count (odds
ratio 0.98, 95% confidence interval 0.97-1.00; P = 0.04),
and LF (odds ratio 0.96, 95% confidence interval 0.96-0.99;
P = 0.03) were negatively related to nondiagnostic results,

Table I. Baseline Characteristics of All Subjects

Treadmill test result Nondiagnostic Positive Negative
factors n=32 n=>53 n=2329
Age (years) 50+ 117 57+9" 51+12
Male 14 (43.8%) 32 (60.4%) 187 (56.8%)
Waist circumference (cm) 86.9 = 10.0 86.4+8.2 84.6 £9.8
Body height (cm) 1588 +8.5 1623 +7.3 1629 +8.5
Body weight (kg) 66.4+11.1 65.7 +10.3 66.6 = 10.9
Body mass index (kg/m*) 263+3.5 25.8+7.8 250+33
Systolic blood pressure (mmHg) 1353 +16.3 141.1+23.8 133.1 £21.8
Diastolic blood pressure (mmHg) 82.6+13.9 87.0+12.6 852+ 11.7
Pulse pressure (mmHg) 52.7+15.8 542+262 47.8 £17.1
Background
Diabetes mellitus 7 (21.9%) 10 (18.9%) 38 (11.6%)
Hypertension 20 (62.5%)** 24 (45.3%)" 122 (37.1%)
Hyperlipidemia 13 (41.9%) 17 (32.1%) 120 (36.5%)
Transient ischemic accident 0 (0.0%) 0 (0.0%) 1 (0.3%)
Stroke 0(0.0%) 0(0.0%) 1 (0.3%)
Smoker 7 (21.9%) 13 (24.5%) 69 (21.0%)
B-Blocker use 9 (28.1%) 24 (45.3%)"" 72 (21.9%)
Angiotensin-converting enzyme inhibitor use 2 (6.3%) 2 (3.8%) 14 (4.3%)
Angiotensin II receptor blocker use 3 (9.4%) 3 (5.7%) 22 (6.7%)
Statins 4 (12.5%) 5(9.4%) 26 (7.9%)

Results are shown as mean + SD and number (%).

™<0.001, "1 <0.01, ": < 0.05, compared to negative result group.



Int Heart J

108 CHEN, ET AL March 2010

Table II. Values for Variables Recorded From Treadmill Exercise Testing and Short-Term 5-Minute

Heart Rate Variability Recordings

Treadmill test result Nondiagnostic Positive Negative
factors n=32 n=>53 n=329
Basal heart rate (beat/minute) 659" 74 +9 74 £ 11
Exercise capacity (METs) 10.5+10.4 98+1.5 11.3+7.4
Exercise duration (seconds) 427+ 1117 492 + 83" 539 + 122
% of maximal predicted heart rate 754 48" 90.7+7.6™" 94.8 £6.6
< 85% of maximal predicted heart rate 32 (100%) 10 (18.9%)"" (0%)
Heart rate variability
Time domains
SDNN (ms) 26+13" 3110 37+21
RMSSD (ms) 21 +13 18+8 26+ 31
NNS50 count 12+24 9+12 20+ 36
Frequency domains
LF (n.u.) 52+23" 62+ 16 63+ 17
HF (n.u.) 47 +227 38+ 16 37+17
LF/HF ratio (%) 1.8+1.9 22+1.7 25+20

Values are mean + SD. MET indicates metabolic equivalents; SDNN, standard deviation of all NN
intervals; RMSSD, the square root of the mean of the sum of the squares of differences between ad-
jacent NN intervals; NN50 count, number of pairs of adjacent NN intervals differing by more than 50
ms in the entire recording; pNN50, NN50 divided by the total number of all NN intervals; LF (n.u.),
power in low frequency range and in normalized unit; and HF (n.u.), power in high frequency range

and in normalized unit.

" <0.001, "1 < 0.01, ": < 0.05, compared to negative result group.

Table III. Association Between Short-Term 5-Minute Heart Rate Variability Record-
ings and Nondiagnostic and Positive Results of Treadmill Exercise Testing

Treadmill test result Nondiagnostic Positive
factors Odds ratio (CI) P Odds ratio (CI) P
Time domains
SDNN (ms) 0.94 (0.91-0.97) 0.01 0.99 (0.97-1.01) 0.15
RMSSD (ms) 0.96 (0.93-0.99) 0.02 0.98 (0.96-1.01) 0.08
NNS50 count 0.98 (0.97-1.00) 0.04 0.99 (0.98-1.01) 0.10
Frequency domains
LF (n.u.) 0.96 (0.96-0.99) 0.03 1.00 (0.98-1.01) 0.76
HF (n.u.) 1.04 (1.01-1.05) 0.02 1.01 (0.99-1.02) 0.68

LF/HF ratio (%) 0.95 (0.78-1.18) 0.40 0.95 (0.91-1.11) 0.51

Models were adjusted for age, sex, baseline heart rate, body mass index, systolic
blood pressure, diastolic blood pressure, diabetes mellitus, and hypertension.

CI indicates confidence interval; SDNN, standard deviation of all NN intervals; LF
(n.u.), power in low frequency range and in normalized unit; and HF (n.u.), power in
high frequency range and in normalized unit.

and HF showed a positive effect (odds ratio 1.04, 95% con-
fidence interval 1.01-1.05; P = 0.02). However, no heart
rate variability markers were found to be associated with
positive results of treadmill exercise testing (Table III).

DiscussION

In the present study, we showed that cardiac autonomic
indices derived from short-term (5-minute) HRV record-
ings were important predictors for nondiagnostic results of
treadmill exercise testing.

Nondiagnostic results and heart rate variability: Although
treadmill exercise testing is often used as the diagnostic
method for evaluation of suspected coronary artery disease

in out-patient departments, one limitation of this testing
modality is the high rate of nondiagnostic results that re-
sult from the patients’ failure to reach age-predicted heart
rate.'” Nondiagnostic results are more common in patients
with peripheral vascular disease, orthopedic limitation, or
neurological impairment and in patients with poor motiva-
tion.”"” In addition, it has also been suggested that patients
with diabetes mellitus and obese patients may also have an
increased probability of having a nondiagnostic treadmill
exercise test.'” For patients in whom the physician is con-
cerned that the treadmill exercise test may be nondiagnos-
tic, an alternative strategy is employed, requiring the patient
to undergo more expensive tests, such as cardiac stress im-
aging modalities, which frequently entail prolonged evalu-
ation."”® Subjects with a nondiagnostic treadmill exercise
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test often undergo additional testing which is time-consum-
ing and costly. Identification of subjects either at low or
high risk for such a nondiagnostic result would therefore
help guide the evaluation of these patients. After adjustment
for potential confounders, in the present study, we found
lower SDNN, lower LF, and higher HF were independent
predictors for nondiagnostic results of treadmill exercise
testing.
Nondiagnostic results and chronotropic incompetence: The
issue of chronotropic incompetence in patients with nondi-
agnostic result of treadmill exercise test is somewhat more
complex. A precise definition for chronotropic incompe-
tence is still lacking. Chronotropic incompetence is usually
defined as the inability of the heart to increase its rate in
proportion to exercise and the metabolic requirement or
as a failure to achieve 85% of the age-predicted maximal
heart rate.'”'¥ Chronotropic incompetence is also defined
as failure to achieve > 80% of the heart rate reserve given
by (HR,.-HR,) x 100%/(predictive maximal HR-HR ),
where HR refers to heart rate.'” Our current study showed
that all patients in the nondiagnostic group had chronotropic
incompetence using either one of the above definitions. The
possible mechanisms of chronotropic incompetence largely
involve abnormalities in autonomic balance, including an
altered parasympathetic response to cardiac mechanorecep-
tors, f-receptor insensitivity, and postsynaptic desensitiza-
tion of the sinoatrial node to sympathetic stimulation.”**”
It has been suggested that chronotropic incompetence is a
manifestation of abnormal cardiovascular autonomic con-
trol and provides information that is analogous to that of
low HRV.”” HRV is a complex measure of modulation of
heart rate that incorporates sympathetic effects, parasym-
pathetic effects, and their interaction. In the time-domain
analysis, SDNN represents a general measurement of au-
tonomic nervous system balance.”” SDNN is related to the
total power. Heart rate is dominated by cardio-inhibitory
parasympathetic activity. Both the normalized LF and HF
reflect the sympathetic and parasympathetic nervous sys-
tems, respectively, and the effects of total power on the val-
ues of HF and LF.*¥ SDNN is significantly decreased in pa-
tients with congestive heart failure who have chronotropic
incompetence.””® Our present study also demonstrated that
the nondiagnostic group had lower SDNN than the negative
group. In the frequency-domain analysis, the LF represents
mainly the sympathetic and the HF reflects mainly the para-
sympathetic nervous system. We have shown that both inad-
equate sympathetic tone (lower LF) and over enhancement
of parasympathetic drive (higher HF) might be associated
with the nondiagnostic results of treadmill exercise testing.
Although time-domain methods, especially the SDNN and
RMSSD methods, can be used to investigate recordings of
short durations, the frequency methods are usually able to
provide more easily interpretable results in terms of physi-
ological regulations. Frequency-domain methods should be
preferred to the time-domain methods when investigating
short-term recordings.” Despite the fact that it is gener-
ally assumed that HRV represents a global index of the
autonomic derangement, an abnormality of the sinus node
response could also be proposed as participating in the im-
paired chronotropic response to exercise.

Petretta, et al demonstrated that obese people showed

a decline in cardiac sympatho-vagal activity, indicating that
the body mass index was negatively correlated with the
HRV.”” They also found that LF power (reflecting a combi-
nation of sympathetic and parasympathetic control of heart
rate) was slightly lower in the obese participants.”” Gen-
eralized obesity (increased body mass index) but not that
characterized by raised waist-hip ratio was also associated
with increased perceived breathlessness during treadmill
exercise testing.”™ Some studies showed that heart rate re-
sponse was blunted in hypertensive patients with or without
heart failure.” Our present study also demonstrated that the
nondiagnostic group had higher BMI and more hyperten-
sion than the negative group.

Study limitations: First, our study was limited by a cross-
sectional rather than a longitudinal design. However, resting
short-term HRV measurements were still significantly asso-
ciated with the nondiagnostic result in patients undergoing
treadmill exercise testing. Second, we had a relatively small
number of patients in the nondiagnostic group.
Conclusions: Cardiac autonomic indices derived from
short-term HRV recordings are independent factors of
nondiagnostic results of treadmill exercise testing. The
short-term HRV might be a screening tool for treadmill ex-
ercise testing.
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