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Abstract

Aims Oxidative stress plays an important role in the development and progression of heart failure (HF). Although exercise
and oxidative stress are closely related, the effect of acute exercise on reactive oxygen species production and the fluctuation
on prognosis are unclear.
Methods and results We enrolled 94 patients who were hospitalized for worsening HF (mean age 68.0 ± 14.5 years old,
63.8% male). The changes in diacron-reactive oxygen metabolites (d-ROM) values, a marker of oxidative stress, before and
after a cardiopulmonary exercise test were considered as Δd-ROM. The mean follow-up period was 24 ± 13 months, during
which 15 patients had all-cause death or left ventricular assist system implantation. Kaplan–Meier analysis demonstrated that
all-cause death or left ventricular assist system implantation was significantly higher in the Δd-ROM-positive group than in the
Δd-ROM-negative group (log-rank P = 0.047). Elevated Δd-ROM levels were associated with increased mortality risk.
Multivariate analysis adjusted for body mass index and peak oxygen uptake revealed that Δd-ROM was an independent
prognostic factor of adverse events (Tertile 3 vs. 1; hazard ratio: 4.57; 95% confidence interval: 1.21–29.77; P = 0.022).
Conclusions Patients with HF who underwent a cardiopulmonary exercise test and had an increased oxidative stress marker
level had a poor prognosis. The appropriate exercise intensity could be determined by evaluating the changes in oxidative
stress status in response to acute exercise in patients with HF.

Keywords Heart failure; Oxidative stress; Exercise intensity; Prognosis

Received: 9 November 2020; Revised: 9 June 2021; Accepted: 12 July 2021
*Correspondence to: Yasuhiro Izumiya, Department of Cardiovascular Medicine, Osaka City University Graduate School of Medicine, 1-4-3, Asahi-machi, Abeno-ku, Osaka
545-8585, Japan. Phone: +81-6-6645-3801; Fax: +81-6-6646-0722. Email: izumiya.yasuhiro@med.osaka-cu.ac.jp

Introduction

Heart failure (HF) has reached epidemic proportions world-
wide, and it is one of the most common causes of
hospitalization.1 Although available medications and
non-pharmacological therapies have been developed, the
number of patients with HF has increased.2 Furthermore,
HF has a high mortality rate and a very high rehospitalization
rate, especially in elderly patients, which is becoming a major
social problem.3

Exercise tolerance has been demonstrated to be a more
important prognostic indicator than cardiac function, such

as left ventricular ejection fraction (EF), in patients with
HF.4 Exercise therapy is recognized as an effective interven-
tion to prevent the onset and progress of HF and is recom-
mended by various clinical guidelines.5,6 The beneficial
effects of exercise therapy were thought to be mediated by
peripheral and central mechanisms, such as improvement of
skeletal muscle quality and function, endothelial function in
peripheral vessels and neurohumoral interaction. However,
these changes could not explain all the mechanisms of the
beneficial effects of exercise; thus, other mechanisms are
suggested to be involved.7 Considering the mode of exercise,
mild-to-moderate intensity aerobic exercise was performed
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as exercise therapy for patients with HF for a long time; how-
ever, the effect of aerobic interval training has also been
demonstrated in recent years.8 There is still controversy re-
garding the level and format of exercise that can yield opti-
mal beneficial effects.

Oxidative stress is defined as an imbalance between reac-
tive oxygen species (ROS) production and antioxidant de-
fences. The impairment of cellular function induced by
oxidative stress results in the onset and progression of vari-
ous diseases. In the heart, oxidative stress induces myocyte
hypertrophy, cell apoptosis and calcium overload by oxidized
membrane phospholipids, proteins and DNA.9,10 It has been
clinically shown that patients with HF are exposed to oxida-
tive stress even at rest11,12 and oxidative stress plays impor-
tant roles in the development and progression of HF.9 In its
physiological aspect, transient and moderate production of
ROS acts as a signal transduction factor that regulates energy
metabolism and protein synthesis and contributes to the ad-
aptation of physiological functions caused by moderate
exercise.13 These physiological functions of ROS are called
‘hormesis effects’.13 An important relationship is suggested
between exercise and oxidative stress; however, the effect
of acute, high-intensity aerobic exercise on ROS production
and fluctuation has not been evaluated yet. In addition, their
impact on prognosis in patients with HF is unclear.9,14 This
study investigated whether changes in the value of deriva-
tives of reactive oxidative metabolites (e.g. diacron-reactive
oxygen metabolites [d-ROM]), an oxidative stress marker,
during a symptom-limited exercise stress test (e.g. cardiopul-
monary exercise test [CPX]) could predict prognosis in pa-
tients with HF.

Methods

Study population

We prospectively enrolled patients who were hospitalized
with worsening HF and diagnosed with one or two major
criteria in conjunction with two minor Framingham criteria
by at least two independent cardiologists at the Osaka City
University Graduate School of Medicine between July 2013
and March 2015.15 Exclusion criteria for this study were as
follows: (1) patient experienced acute coronary syndrome
within the preceding 30 days; (2) experienced open heart sur-
gery within the preceding 3 months; (3) underwent percuta-
neous coronary angioplasty or cardiac resynchronization
therapy during hospitalization; (4) the presence of severe val-
vular heart disease; (5) being on dialysis; (6) cannot enforce
CPX due to musculoskeletal problems or paralysis; and (7) un-
willingness to provide informed consent. For patients who
did not satisfy the exclusion criteria, cardiac rehabilitation
was introduced after standard treatment. A total of 94

patients with New York Heart Association (NYHA) Classes I–III
were registered.

Demographic, laboratory and echocardiographic data were
collected from the patients’ medical records at the time of
enrolment in this study. The study protocol was approved
by the institutional ethics committee of Osaka City University
(approval number: 2569) and was conducted in accordance
with the recommendations of the 1975 Declaration of
Helsinki. Written informed consent was obtained from all
patients.

Study design and cardiac rehabilitation

This was a single-centre, prospective cohort study. After in-
formed consent was obtained from all patients, they
underwent cardiac rehabilitation during hospitalization. Most
patients underwent CPX during the first period of cardiac re-
habilitation to determine their anaerobic threshold (AT) using
the V-slope method.16 The patients’ cardiac rehabilitation
strength was set based on the AT value determined by the
initial CPX. For patients who had difficulty undergoing CPX
at the start of rehabilitation, their rehabilitation strength
was set using the Karvonen equation. Karvonen’s coefficient
was determined at 0.4–0.6.5 Patients underwent supervised
exercise combining aerobic and resistance training in a
30 min/session, which was performed five times per week.
CPX was performed to evaluate exercise tolerance prior to
discharge, and guidance was given on exercise therapy after
discharge.

The patients were prospectively followed up until March
2017. The primary endpoints of the study were the incidence
of all-cause death or left ventricular assist system (LVAS) im-
plantation, whereas the secondary endpoints were the inci-
dence of HF death or rehospitalization with worsening HF. If
both events occurred, only the first event was taken into con-
sideration. In Japan, LVAS implantation is only allowed in pa-
tients waiting for heart transplantation and who have been
judged to have no other means of saving their lives other
than heart transplantation, which is determined after exami-
nation by a third-party organization; therefore, death and
LVAS implantation are sometimes treated as equivalent. 17

CPX

Most patients underwent CPX during the first period of car-
diac rehabilitation, and all patients underwent CPX immedi-
ately before discharge. The exercise stress tests were
performed on an upright cycle ergometer (Strength Ergo 8;
Fukuda Denshi, Tokyo, Japan) using a ramp protocol. The
ramp protocol consisted of 4-min rest on the cycle ergometer,
starting at 0 or 10 W for a 4-min warm-up and followed by an
incrementally increasing work rate of 10 W/min to maximum
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tolerance. Although several criteria exist for assessing maxi-
mal exercise effort, the peak respiratory exchange ratio
(RER) was used as an objective criterion of effort. Peak
RER ≥ 1.10 is accepted to be indicative of maximal effort,
based on current guidelines.18 In this study, we set the load
stop condition at peak RER ≥ 1.10. The electrocardiogram
was monitored continuously, and blood pressure was re-
corded every minute before, during and after exercise
(ML-9000; Fukuda Denshi). Expired gas analysis was per-
formed with a breath-by-breath method using an expired
gas analyser (Cpex-1; Inter Reha, Tokyo, Japan). Oxygen up-
take (VO2), carbon dioxide production (VCO2) and minute
ventilation (VE) were measured before, during and after exer-
cise. AT was determined using the V-slope method.16 Peak
oxygen uptake (peak VO2) was defined as the highest VO2

value achieved at peak exercise. The slope of the relationship
between VE and VCO2 (VE/VCO2 slope) was obtained by lin-
ear regression analysis during exercise prior to respiratory
compensation.

d-ROM measurement

An accurate measurement of in vivo oxidative stress is partic-
ularly challenging because of its potential unreliability and in-
accuracy. Therefore, ROS are often evaluated by measuring
products in blood or urine as a surrogate maker.19 The
d-ROM test measures metabolites produced by oxidative
stress in vivo and mainly reflects hydroperoxide (ROOH)
levels in the blood. The d-ROM level is high in patients with
HF, with higher levels in severe cases as evaluated by NYHA
functional class.20

Blood samples for analysis of d-ROM were collected just
before and immediately after CPX immediately before dis-
charge. After centrifugation at 4°C and 3000 rpm for
15 min, serum samples were stored at �80°C until analysis.
Measurements of d-ROM in serum were performed using a
free radical analyser (FREE Carpe Diem; Wismerll, Tokyo,
Japan). The measurement principle is based on the radicals
(RO, alkoxyl radical; ROO, peroxy radical) produced from the
decomposition of ROOH in blood by the Fenton reaction in
the presence of iron, which oxidizes alkyl-substituted aro-
matic amines to form coloured derivatives. The ROOH levels
in blood were evaluated by measuring this absorbance with
a dedicated measuring instrument. The measurements were
performed according to the d-ROM kit protocol (DI-003b;
Wismerll). The results were expressed in conventional
Carratelli units (U.CARR).21 One U.CARR unit corresponds to
0.8 mg/L of hydrogen peroxide. The normal reference level
of d-ROM is 250–300 U.CARR.22,23 d-ROM values above
300 U.CARR indicate a condition of oxidative stress.
Δd-ROM indicates an alteration in the equilibrium between
pro-oxidant and antioxidant capability during a
symptom-limited exercise stress test, which was calculated

by subtracting the d-ROM level before CPX from that after
CPX.

Statistics

Continuous variables were shown as mean ± standard devia-
tion or median with interquartile range for non-normally dis-
tributed variables. The normality of the data was evaluated
using the Shapiro–Wilk normality test. The patients were di-
vided into Δd-ROM-positive or Δd-ROM-negative groups. To
compare each parameter between the Δd-ROM-positive
and Δd-ROM-negative groups, we used an unpaired t-test
for the normally distributed data, Wilcoxon–Mann–Whitney
test for the not normally distributed data or Fisher’s exact
test for categorical variables. The Spearman correlation coef-
ficient between Δd-ROM and each continuous variable was
calculated. The Kaplan–Meier curves were constructed for
the time to death or LVAS implantation, and the log-rank test
was used for initial comparison. Univariate and multivariate
Cox proportional hazard analyses were used to analyse pre-
dictors of cardiac events with adjusted confounding factors.
The univariate Cox proportional hazard analysis was
performed using 24 clinical variables such as generally recog-
nized parameters influencing HF, CPX parameters, the d-ROM
level before CPX and Δd-ROM. Furthermore, among the
factors suggested to be predictors of cardiac events in univar-
iate analysis, factors including peak VO2, which is an index of
exercise tolerance, were input for multivariate analysis. The
results of Cox proportional hazard models were presented
as hazard ratios (HRs) and 95% confidence intervals (CIs).
The reference change of Δd-ROM for HR is per 1 U.CARR in-
crease. Because the measurement results of d-ROM levels
were normally distributed, it is not necessary to transform
into logarithmic or square root conversion. All analyses
were performed used JMP software (v. 13; SAS Institute,
Cary, NC, USA). A P-value < 0.05 was considered statistically
significant.

Results

Baseline characteristics

The baseline demographics and clinical characteristics of the
study participants are shown in Table 1. The mean age of
the population was 68 years, and 64% of the patients were
men. Eleven (11.7%) were current smokers, but these pa-
tients did not smoke during their hospitalization. The causes
of HF included non-ischaemic heart disease (n = 78, 83%)
and ischaemic cardiomyopathy (n = 16, 17%). On admission,
only 43.6% of patients were receiving β-blockers, but 79.8%
of patients were prescribed them at discharge. The d-ROM
levels of the sample before CPX had an intra-assay coefficient
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of variation of 0.52 and an inter-assay coefficient of variation
of 0.25. The detection range of this measurement system was
40–1000 U.CARR, and nothing outside this detection range
was found in present study. The mean serum d-ROM level be-
fore CPX was 453.0 ± 111.0 U.CARR. These d-ROM levels
were much higher than the normal range, suggesting that pa-
tients with HF were exposed to high oxidative stresses even
at rest. The median change in serum d-ROM levels after
CPX (Δd-ROM) was �9.5 U.CARR, with 52 subjects having de-
creasing levels (d-ROM-negative group) and 42 subjects had
increasing levels (Δd-ROM-positive group). The mean
follow-up period was 24 ± 13 months, during which 15 pa-
tients had all-cause death or LVAS implantation.

We divided the patients into Δd-ROM-positive or Δd-
ROM-negative groups. The baseline characteristics were com-
pared between the Δd-ROM-positive and Δd-ROM-negative
groups (Table 1). Considering the groups’ demographics, the
body mass index (BMI) tended to be lower in the Δd-
ROM-positive group, but it did not reach statistical
significance. The laboratory and echocardiogram data were
not different between the two groups except for serum
sodium levels. The serum d-ROM levels before CPX did not
differ between the two groups. Table 2 shows the exercise
parameters in the CPX. In this study, we set the load stop con-
dition at peak RER ≥ 1.10. In actuality, peak RER ≥ 1.10 could
not be achieved in 16 cases (17.0%) because of strong

Table 1 Comparison of baseline characteristics of study patients based on serum Δd-ROM levels

Total Negative Δd-ROM group Positive Δd-ROM group
P-value(n = 94) (n = 52) (n = 42)

Male (%) 60 (63.8) 32 (61.5) 28 (66.7) 0.669
Age 68.0 ± 14.5 67.5 ± 14.6 68.7 ± 14.6 0.685
NYHA Class III (%) 8 (8.5) 4 (7.7) 4 (9.5) 0.752
NYHA Class I/II (%) 86 (91.5) 48 (92.3) 38 (90.5) 0.752
Current smoker (%) 11 (11.7) 7 (13.5) 4 (9.5) 0.749
Comorbidity

Hypertension (%) 42 (44.7) 23 (44.2) 19 (45.2) 0.922
Diabetes mellitus (%) 28 (29.8) 19 (36.5) 9 (21.4) 0.121
Atrial fibrillation (%) 36 (38.3) 17 (32.7) 19 (45.2) 0.286

General examination
BMI, kg/m2 22.2 ± 4.0 22.8 ± 4.4 21.4 ± 3.5 0.120
Heart rate, bpm 75.1 ± 13.6 74.8 ± 11.7 75.4 ± 15.8 0.858
Resting systolic BP, mmHg 108.0 ± 21.5 110.0 ± 17.5 107.6 ± 21.0 0.540
Resting diastolic BP, mmHg 60.9 ± 12.4 61.9 ± 11.4 59.5 ± 13.6 0.360

Aetiology
Ischaemic (%) 16 (17.0) 10 (19.2) 6 (14.3) 0.590
LVEF ≥ 50% (%) 28 (29.8) 12 (23.1) 16 (38.1) 0.173

Medication at discharge
ACE inhibitor or ARB (%) 59 (62.8) 34 (65.4) 25 (59.5) 0.669
β-Blocker (%) 75 (79.8) 44 (84.6) 31 (73.8) 0.209
Aldosterone receptor antagonist (%) 44 (46.8) 20 (38.5) 24 (57.1) 0.097
Loop diuretic (%) 69 (73.4) 39 (75.0) 30 (71.4) 0.815

Baseline use of devices
Cardioverter-defibrillator (%) 4 (4.3) 3 (5.8) 1 (2.4) 0.418
Biventricular pacemaker (%) 3 (3.2) 2 (3.9) 1 (2.4) 0.688

Echocardiogram
LVEDD, mm 55.2 ± 9.8 55.2 ± 8.6 55.2 ± 11.2 0.984
LVESD, mm 43.0 ± 13.1 43.8 ± 11.2 42.0 ± 15.2 0.547
LVEF, % 38.4 ± 14.8 37.5 ± 13.6 39.5 ± 16.3 0.535
LAV, mL 63.8(51.2–86.5) 60.7(49.0–88.1) 70.2(55.9–86.2) 0.163
E/e0 ratio 20.5 ± 10.1 20.7 ± 9.3 20.2 ± 11.2 0.816
Mitral regurgitation 1.0 ± 0.8 0.9 ± 0.8 1.0 ± 0.9 0.745
TRPG, mmHg 28.0 (22.0–36.0) 27.1 (21.3–34.0) 30.4 (23.5–37.0) 0.138

Laboratory data
Haemoglobin, g/dL 12.5 ± 2.3 12.2 ± 2.2 12.8 ± 2.4 0.273
Serum sodium, mEq/L 139.5 ± 2.9 140.0 ± 3.0 138.8 ± 2.8 0.042
eGFR, mL/min/1.73m2 50.6 ± 20.8 51.8 ± 22.4 49.0 ± 18.9 0.524
Log BNP on admission 2.6 ± 0.5 2.6 ± 0.5 2.7 ± 0.4 0.595
Troponin T, ng/mL 0.017 (0.010–0.042) 0.019 (0.010–0.050) 0.017 (0.011–0.034) 0.665
d-ROM at pre CPX, U.CARR 453.0 ± 111.0 466.2 ± 120.2 436.8 ± 97.5 0.203
d-ROM at post CPX, U.CARR 448.8 ± 115.9 418.1 ± 116.6 486.8 ± 104.3 0.004
Δd-ROM, U.CARR �9.5 (�41.3–33.5) �31.0 (�55.3 - -10.3) 40.5 (18.8–60.3) < 0.001

Values are mean ± standard deviation, median (interquartile range) or n (%).
ACE, angiotensin converting enzyme; ARB, angiotensin type 1 receptor blocker; BMI, body mass index; BNP, B-type natriuretic peptide; BP,
blood pressure; d-ROM, derivatives of reactive oxidative metabolites; eGFR, estimated glomerular filtration rate; LAV, left atrial volume;
LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; NYHA,
New York Heart Association; TRPG, tricuspid regurgitation pressure gradient.
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subjective symptoms or weakness of lower limb muscles in
patients. However, all the cases that could not achieve peak
RER ≥ 1.10 had peak RER of 1.05–1.09, and it was judged that
the maximal effort was acceptable.24 The AT, peak VO2 and
VE/VCO2 slope did not differ between the two groups.

Correlations between d-ROM levels and clinical
parameters

We evaluated the correlations between serum d-ROM levels
before CPX and each continuous variable (Table S1). A single
regression analysis showed a slightly negative correlation be-
tween serum d-ROM levels before CPX and AT (r = �0.230;
P = 0.027), but there was no significant correlation with other
clinical parameters. We also evaluated the correlation
between Δd-ROM levels and various clinical indicators
(Table 3). Spearman’s correlation coefficient analysis showed
that Δd-ROM levels were not significantly correlated with any
demographic, laboratory or echocardiography findings.

Furthermore, no significant correlation was observed be-
tween Δd-ROM levels and exercise parameters.

Association between Δd-ROM levels and cardiac
events

Kaplan–Meier analysis showed that patients from the
Δd-ROM-positive group had a higher risk of death or LVAS
implantation compared with patients from the Δd-ROM-neg-
ative group (log-rank test, P = 0.047) (Figure 1A). A similar
trend was also indicated for HF death or readmission due to
worsening HF (log-rank test, P = 0.006) (Figure 1B). The
Δd-ROM levels were divided into tertiles, and additional
analyses were conducted. As a result, Kaplan–Meier analysis
revealed many cardiac events in the highest Δd-ROM tertile
compared with the lower two tertiles of Δd-ROM levels
(Figure 2). An analysis with only all-cause death as the
endpoint has also been performed; the highest Δd-ROM
tertile had more events than the lower two tertiles of
Δd-ROM levels (Figure S1). These results suggest that the
prognosis worsens when the balance between pro-oxidant
and antioxidant capability is largely inclined to pro-oxidants
during CPX.

Univariate Cox regression analysis showed that BMI,
resting systolic and diastolic blood pressure, E/e0 ratio, AT,
peak VO2 and VE/VCO2 slope were significant predictors for
all-cause death or LVAS implantation (Table S2). Cox regres-
sion analysis revealed that the serum d-ROM levels before
CPX did not predict prognosis in patients with HF. The BNP
value did not remain as a prognostic factor, possibly because
HF with reduced EF (HFrEF) and HF with preserved EF (HFpEF)
were mixed in this population. Among those found to be a
predictor of this was peak VO2, an established risk marker.
Importantly, elevated Δd-ROM levels were independently
associated with increased mortality risk within patients with
HF (Tertile 3 vs. 1; HR: 4.55; 95% CI: 1.22–29.43; P = 0.022)
(Tables 4 and S2). The number of statistically acceptable
variables calculated from the number of events was judged

Table 2 Cardiopulmonary exercise test data at discharge

Negative Δd-ROM Group Positive Δd-ROM Group
P-value(n = 52) (n = 42)

Peak work rate, W 55.0 (40.0–71.0) 53 (40.0–70.0) 0.888
Peak respiratory exchange ratio

≥1.10 (%) 43 (82.7) 35 (83.3) 0.935
1.05–1.09 (%) 9 (17.3) 7 (16.7) 0.935

Anaerobic threshold, mL/kg/min 13.0 ± 2.8 13.3 ± 2.5 0.664
Anaerobic threshold (%predicted) 88.9 ± 18.9 91.0 ± 16.2 0.576

Peak oxygen uptake, mL/kg/min 17.3 ± 4.4 17.7 ± 3.6 0.653
Peak oxygen uptake (%predicted) 74.9 ± 17.4 77.4 ± 15.4 0.475

VE/VCO2 slope 32.3 (27.3–35.5) 32.6 (29.4–37.5) 0.645
⊿HR/⊿WR 0.46 (0.31–0.63) 0.51 (0.37–0.65) 0.732

Values are mean ± standard deviation.
HR, heart rate; VCO2, carbon dioxide production; VE, minute ventilation; WR, work rate.

Table 3 Spearman correlation coefficient analysis between serum
Δd-ROM levels and each continuous variable

Spearman r P-value

Age 0.171 0.100
BMI, kg/m2 �0.131 0.218
Heart rate, bpm 0.054 0.606
Resting systolic BP, mmHg �0.075 0.474
Resting diastolic BP, mmHg �0.142 0.173
LVEDD, mm �0.066 0.529
LVESD, mm �0.114 0.274
LAV, mL 0.083 0.434
LVEF, % 0.068 0.514
E/e0 �0.047 0.686
Anaerobic threshold, mL/kg/min 0.093 0.377
Peak oxygen uptake, mL/kg/min 0.094 0.368
VE/VCO2 slope 0.116 0.273
Haemoglobin, g/dL 0.088 0.397
Serum sodium, mEq/L �0.115 0.272
eGFR, mL/min/1.73m2 0.083 0.427
Log BNP on admission 0.048 0.650
Troponin T, ng/L �0.007 0.949

Abbreviations as in Tables 1 and 2.
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to be three, including Δd-ROM. Therefore, we conducted an
analysis using a model that combines BMI and blood
pressure, focusing on peak VO2. Multivariate analysis
adjusted for BMI and peak VO2 showed that Δd-ROM was
an independent factor of all-cause death or LVAS
implantation (Tertile 3 vs. 1; HR: 4.57; 95% CI: 1.21–29.77;
P = 0.022), and adjusted for diastolic blood pressure and peak
VO2 showed similar result (Tertile 3 vs. 1; HR: 4.95; 95% CI:
1.23–33.43; P = 0.022) (Tables 4 and S2). Furthermore,
focused on the CPX results, Δd-ROM was found to be an
independent factor of all-cause death or LVAS implantation
(Tertile 3 vs. 1; HR: 7.15; 95% CI: 1.65–53.64; P = 0.006)
when adjusted with peak VO2 and VE/VCO2 slope
(Tables 4 and S2).

Discussion

The key findings of our study were that (1) patients with HF
were exposed to oxidative stress even at rest and (2) patients
with HF whose oxidative stress was further enhanced by
symptom-limited exercise had a higher risk of adverse events.
To the best of our knowledge, this is the first report to dem-
onstrate the apparent relationship between acute
exercise-induced oxidative stress changes and clinical out-
come in patients with HF.

Several reports previously showed the utility of measuring
d-ROM in patients with HF. Hirata et al.20 noted that serum
d-ROM levels were correlated with HF severity as evaluated
by NYHA functional class in patents with HFpEF where there

Figure 1 Kaplan–Meier estimates of risk of cardiac events.The patients whose Δd-ROM was positive had a higher risk of all cause death or left
ventricular assist system (LVAS) implantation than the patients whose Δd-ROM is negative (log-rank test P = 0.047) (A). A similar trend was indicated
for HF death or readmission due to worsening HF (log-rank test P = 0.006) (B).

Figure 2 Kaplan–Meier estimates of risk of cardiac events according to tertiles of levels of Δd-ROM.The Δd-ROM levels were divided into tertiles.
Kaplan–Meier analysis revealed that there were many cardiac events in the highest Δd-ROM tertile compared with the lower two tertiles of Δd-ROM
levels. (A) Cardiac events were all cause death or LVAS implantation (log-rank test P = 0.011). (B) Cardiac events were HF death or readmission due to
worsening HF (log-rank test P = 0.013).
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were significantly more readmissions for worsening HF in the
high d-ROM group compared with the low d-ROM group.
However, serum d-ROM levels before CPX were not corre-
lated with cardiac events in the present study. This finding
may be because of the different backgrounds in the patient
population. In addition, the aetiology of HF was diverse in this
study cohort; therefore, further research focusing on specific
aetiologies is needed. If the aetiology is limited, fluctuations
in oxidative stress due to exercise may have different conse-
quences to those in this study.

In the present study, we demonstrated that increased
oxidative stress in response to symptom-limited exercise
was associated with cardiac events in patients with HF, but
the mechanism, including the source of ROS, is still unknown.
Thus, several pathways can be cited as sources, that is, (1)
production of ROS in mitochondria, (2) production of ROS as-
sociated with ischaemia reperfusion by blood redistribution
and (3) production of ROS associated with inflammation of
skeletal muscle injured by exercise, among other pathways.25

We measured the blood metabolites produced by ROS in this
study, but it could not be clearly shown which production
pathway for oxidative stress was affected. In addition, the
d-ROM value mainly reflects ROOH, but not the entire ROS;
therefore, the results of this study should be interpreted
carefully. Because repeatability and reliability of reactive
oxygen metabolites are at present weak, we also should be
pay attention to the interpretation of ROS measurement re-
sults. The measurement system (FREE Carpe Diem; Wismerll,
Tokyo, Japan) that we used in this study has been adopted in
many previous literatures. In addition, our institution has
published research papers that evaluated d-ROM n patients
after cardiac surgery using a same measurement system.26

Although the patients’ characteristics were different from
our present study, the previous report and present study
show similar tendencies of serum d-ROM levels. Based upon
these data, we believe that the accuracy of d-ROM measure-
ment is guaranteed. In addition, for the measurement of
d-ROM, analytes were measured in duplicate in all cases
and adopted the average value in the present study. We con-
sider that their repeatability and accuracy are guaranteed.

ROS is involved in energy metabolism, protein synthesis and
mitochondrial biogenesis in the hormesis effects27; therefore,
the mild increase in oxidative stress associated with exercise is
believed to have good effects on the human body. However,
the failing myocardium has been reported to be unable to deal
with the excess ROS, partially because of the reduction in the
mtDNA copy number.28 Thus, the increased oxidative stress
marker in response to acute exercise may reflect inappropriate
processing of excess oxidative stress in the failing heart. Our
data suggest that if antioxidant capacity increases with exer-
cise, the exercise will be beneficial, but if oxidative stress in-
creases further with exercise, the exercise may be
disadvantageous in patients with HF. However, the contro-
versy about the level and format of exercise that can yieldTa
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optimal beneficial effects in patients with HF continues in the
literature. Based upon the present findings, we propose that
measuring d-ROM before and after acute exercise could be
useful to determine the optimal exercise intensity. We believe
that by prescribing exercise with an intensity that does not in-
crease oxidative stress, it will be possible to perform highly in-
dividualized exercise therapy than before.

Limitations

This study has several limitations. First, this study was performed
in a small number of cases in a single centre; thus, multicentre
prospective trials are required to further improve the objectivity
of our findings. Second, 30% (n = 28) of all cases in this study
were HFpEF. Because HFpEF and HFrEF have molecularly and
functionally different features,29,30 it may be better to evaluate
these conditions separately. In addition, many aetiologies were
considered to be involved in this study, not only HFrEF or HFpEF.
In fact, 17% of patients had ischaemic heart disease, 38% had
atrial fibrillation, and about half had a history of hypertension.
The number of patients in this study was small, and it was not
possible to make adjustments for all aetiologies. Third, in this
study, ischaemic cardiomyopathy accounted for only 17% of
cases and may differ from the general HF population. In addi-
tion, biventricular pacing accounted for only 3% of cases, and
those that were relatively mild may have been included in the
overall cohort. Fourth, it was not possible to perform CPX at
follow-up and evaluate the changes in serum d-ROM levels in
response to acute exercise. Furthermore, follow-up evaluations
of cardiac function by echocardiography were insufficient; there-
fore, it was not possible to clarify whether the increase in oxida-
tive stress accompanying exercise was prolonged or how it was
involved in myocardial remodelling. Finally, it is difficult to eval-
uate cost performance in this study.

Conclusions

In conclusion, patients with HF showing an increased oxida-
tive stress marker during a symptom-limited exercise stress

test had a poor prognosis. By judging the increase or
decrease in oxidative stress in response to acute exercise,
appropriate exercise methods and intensity can be deter-
mined for patients with HF.
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