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ABSTRACT　
 
Background　 It has been reported that the mitochondrial respiratory dysfunction (MRD) is important mechanisms affecting the
heart failure (HF) pathogenesis. We sought to evaluate the potential role of MRD of peripheral blood mononuclear cells (PBMC) in
HF severity prediction in patients with cardioverter-defibrillator implantation indications.
 
Methods　 In this single-center study patients with HF of New York Heart Association (NYHA) I-III functional class (FC) and ca-
rdioverter-defibrillator implantation indications underwent transthoracic echocardiography (TTE) and MRD assessment using PB-
MC. Mitochondrial respiration rate (MRR) indicators (pyruvate + malate + adenosine diphosphate; succinate + adenosine diphos-
phate; pyruvate + malate – adenosine diphosphate [V4.1]; succinate – adenosine diphosphate) were calculated. Correlations betwe-
en HF NYHA FC, TTE and MRR indicators were evaluated. Based on our data, we developed a risk model regarding HF severi-
ty.
 
Results　 Of 53 (100.0%) HF patients, 33 (62.3%) had mild exercise intolerance (1st group) and 20 (37.7%) had moderate-to-severe ex-
ercise intolerance (2nd group). Patients with mild exercise intolerance were likely to have a higher V4.1 (P < 0.001) values. V4.1 was ind-
ependently associated with moderate-to-severe exercise intolerance in univariate and multivariate logistic regression (OR = 0.932,
95% CI: 0.891–0.975, P < 0.001).
 
Conclusions　 The severity of HF is associated with PBMC mitochondrial respiratory dysfunction in patients with cardioverter-de-
fibrillator implantation indications. Our HF severity risk model including V4.1 parameters is able to distinguish patients with mild
and moderate-to-severe exercise intolerance. Further investigations of their predictive significance are warranted.

 

The heart failure (HF) is a progressive clinical
syndrome characterized by the inability of the
heart to pump enough blood and oxygen to su-

pport the metabolic demands of other organs.[1] Chronic
HF affects around 64 million of patients worldwide, and
its prevalence is increasing due to the population ageing,
the growing burden of comorbidities, and risk factors for
HF.[2] In the European and the United States population,
the prevalence of HF varies from 0.4% to 2.5%.[2,3] In the
Russian Federation, according to recent years, it reaches
10.2%.[4]

Despite remarkable advances in the treatment of HF,
mortality remains high and sudden cardiac death (SCD)
accounts for roughly 40.0% of deaths in this population.[5]

Prospective randomized studies of patients with HF ha-
ve shown that implantable cardioverter-defibrillator
(ICD) therapy translates into long-term clinical benefits,
such as improved quality of life, increased functional ca-
pacity, reduction in hospitalization for HF, and SCD.[6,7]

Several studies have shown that the conventional ec-
hocardiographic indexes correlates with the outcome in
HF patients.[8,9] The most common risk factors associated
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with the severity of HF are the low 6 minute walk dista-
nce test (6MWDT), impaired left and right ventricular
systolic and diastolic function, and the high level of right
ventricle systolic pressure (RVSP) and HF biomarkers in
the blood (brain natriuretic peptide, N-terminal natriur-
etic peptide type B, mid-regional proatrial natriuretic pe-
ptide, galectin 3, etc.).[10-12] However, there is still discus-
sion about the most appropriate echocardiographic and
laboratory indicator for predicting the severity of HF, and
also about the cut-off value which should be used for the
each parameter.

Another important risk factor for HF is the mitochon-
drial respiratory dysfunction (MRD). In recent years, the
relationship between HF and mitochondrial function has
received increasing attention. Researchers have noticed
that MRD is widespread during HF.[13] Many findings ha-
ve shown that cardiac myocardial mitochondria imba-
lances are involved in different cardiovascular diseases,
including HF, and play a crucial role in their developme-
nt.[14-16] Peripheral blood mononuclear cells (PBMC) are a
group of mononuclear immune cells that exist in blood
and exhibit important roles in the body′s immune res-
ponses.[17] Among white blood cells, PBMC (lympho-
cytes and monocytes) depend on the oxidative metaboli-
sm of mitochondria, while neutrophils do not.[18] In addi-
tion, a recent report has demonstrated that the respirat-
ory capacity of mitochondria in PBMC is reduced in asy-
mptomatic patients with early HF, but the role of PBMC
mitochondrial dysfunction in the development of HF re-
mains fully unclear.[19]

The aim of this study was to evaluate the potential role
of MRD of PBMC in HF severity prediction in patients wi-
th ICD implantation indications. 

METHODS
 

Patient Population and Study Design

Patients with HF New York Heart Association (NY-
HA) functional class (FC) I-III and ICD implantation in-
dications were included in this clinical, single-center, no-
nrandomized, cross-sectional observational study. The
HF defined as complex of clinical syndrome with symp-
toms and signs that result from any structural (ischemic
or nonischemic etiology) impairment of ventricular fi-
lling or ejection of blood. Individuals with NYHA FC of
HF IV, recent myocardial infarction (MI) (less than 3 mo-
nths), severe comorbidity (end-stage renal failure and

hepatic insufficiency, cancer of any location), cognitive
impairment, indications for the revascularization and
heart transplantation, and patients under the age of 18
years were excluded.

All patients underwent the full physical (6MWDT, el-
ectrocardiography [ECG], transthoracic echocardiogr-
aphy [TTE], Holter ECG monitoring, coronary angio-
graphy, blood analyses) and additional (MRD assessm-
ent using PBMC) examination. All patients received the
basic therapy in accordance with the present HF mana-
gement guidelines. 

Consent

The study was carried out in accordance with the pr-
inciples of Helsinki Declaration and with the standards
of Good Clinical Practice. The study protocol was appr-
oved by the Local Ethics Committee of the Cardiology Re-
search Institute protocol No. 219 dated October 26, 2021.
All participants received written informed consent prior
to the study inclusion. Ethical approval by the hospital re-
view committee and patient consent according to the in-
stitutional guidelines were obtained. All included pati-
ents were from a registered study (ClinicalTrials.gov, NC-
T03667989). 

6-min Walk Distance Test

The assessment of HF FC was performed in accorda-
nce with the NYHA criteria, using 6MWDT. For the an-
alysis, the walking distance in meters and NYHA FC we-
re used, to which it corresponded: (1) More than 551 m:
the patient had no signs of HF; (2): 426-550 m: I FC of HF;
(3): 301-425 m – II FC of HF; (4): 151-300 m – III FC of HF;
and (5) less than 150 m – IV FC of HF. 

TTE Acquisition and Analysis

TTE with the intracardiac hemodynamic parameters
assessment was performed using Philips HD15 Pure-
Wave (Netherlands) ultrasound machine. The examina-
tion was carried out from standard positions with the
determination of the volume-dimensional and indexed
indicators of the heart chambers, left ventricular ejection
fraction (LVEF) and RVSP. The LVEF was evaluated us-
ing Simpson method (biplane method of disks). The left
ventricular end-systolic (LVESI) and end-diastolic (LV-
EDI), right (RAI) and left atrial (LAI) indexes were calcu-
lated using the ratio of chamber (left ventricle, right atri-
um or left atrium) volume to the body surface area. The
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left ventricular sphericity index (LVSI) was calculated
using the ratio of the end-diastolic dimension to the lon-
gitudinal dimension of the left ventricle in diastole. The
index of myocardial mass (IMM) was calculated using fo-
rmula: 0.8 x (1.05 x [left ventricular end-diastolic dimen-
sion + interventricular septum thickness + left ventricle
posterior wall thickness]3 – left ventricular end-diastolic
dimension3) + 0.6. The mitral, tricuspid and aortic valves
functions, as well as the right and left ventricles cont-
ractility, were assessed. 

Mitochondrial Respiratory Function Data Acquisition

Blood sampling was carried out no more than 1 h befo-
re ICD implantation. Patients were sampled venous bl-
ood (9 mL) in ethylenediaminetetraacetic acid (EDTA)
vacutainers. The PBMC fraction was isolated on a Histo-
paque-1077 density gradient (Sigma). Resulting ring con-
taining mononuclear cells was washed in phosphate-bu-
ffered saline (Sigma). The cell pellet was undergone to os-
motic lysis by introduction into a sucrose medium (0.25 M
sucrose with EDTA) and subsequent soft pipetting to re-
lease the mitochondria into the solution. Mitochondria
were further isolated by differential centrifugation in su-
crose medium.[20] The resulting pellet was resuspended in
a minimum volume of 0.25 M sucrose for further analysis.

The activity of respiratory processes of isolated mitoch-
ondria was determined in follow pre-oxygenated incuba-
tion media (in mM): sucrose – 250.0; KCl – 10.0; KH2PO4 –
5.0; MgCI2 – 1.25; HEPES – 5.0; pyruvate – 6.0 + malate – 8.0
or succinate – 5.0; pH = 7.35-7.40. The studies were carried
out in a thermostated cell (1 mL) under constant stirring
with a magnetic stirrer and a temperature of 25-27 °С. The
oxygen concentration in the incubation medium was mea-
sured amperometrically using a Clarke-type electrode co-
nnected to Expert – 001 liquid analyzer (Econix-Expert,
Russia). The oxygen consumption rate was calculated in
nM O2/min/mg mitochondrial protein (MP). The conj-
ugation of the processes of oxidation and phosphorylati-
on was assessed based on the respiratory control coeffici-
ent, the calculation formula of is as follows V3/V4, where
V3 is the oxygen consumption rate by mitochondria in
the medium in the presence of the oxidation substrate,
pyruvate-malate mixture or succinate, and the phosph-
orylation substrate, adenosine diphosphate (ADP) (200
µM); V4 is the oxygen consumption rate after the exha-
ustion of ADP in the incubation medium.[20] Mitochon-
drial respiration rate (MRR) indicators (pyruvate + mal-

ate + ADP - V3.1; succinate + ADP - V3.2; pyruvate + mala-
te–ADP-V4.1; succinate–ADP-V4.2) were calculated (Fig-
ure 1). 

Clinical Evaluation and Study Design

Information on clinical assessment was obtained for 53
patients who were included in a cross-sectional observa-
tional study. After the assessment of HF FC in accord-
ance with 6MWDT results, all patients were divided into
two groups. The 1st group included patients with mild
exercise intolerance. The 2nd group included patients
with moderate-to-severe exercise tolerance. The flow ch-
art of the study is shown in Figure 2. 

Statistical Analysis

All statistical analyses were performed with software
package Statistica 10.0, StatSoft (USA) and Medcalc 19.2.6
statistical software package (USA), and statistical signi-
ficance was defined by a P-value < 0.05. Categorical vari-
ables are presented as numbers (n) and percentages (%),
and continuous variables either as mean ± SD for norm-
ally distributed variables or as median (Me) and interq-
uartile ranges [Q1; Q3] for non-normally distributed va-
riables. The distribution of continuous data was tested
for normality using Kolmogorov-Smirnov, Lilliefors and
Shapiro-Wilk tests. Group differences of continuous data
were analyzed using the two-sided Student's t-test for
normally distributed data or the Mann–Whitney U-test
for independent ordinal or non-normally distributed da-
ta. The distribution of categorical variables was analyzed
using chi-square or Fisher's exact test. A comparison be-
tween patients with mild and moderate-to-severe exerc-
ise intolerance was performed for the complete dataset. 

 

Figure 1    Mitochondrial respiration rate acquisition in oxidati-
on substrate (pyruvate-malate mixture or succinate). State 3 or acti-
ve phosphorylating state (V3) is observed in the presence of oxyg-
en, oxidation substrate (pyruvate-malate, succinate) and ADP. St-
ate 4 or the non-phosphorylating state (V4) is characterized by in-
hibition of respiration due to the depletion of ADP. ADP: adenosi-
ne diphosphate.
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Risk Stratification and Predictive Model Develop-
ment

Binary logistic regression analysis was used to identi-
fy variables associated with the moderate-to-severe exer-
cise intolerance. Before multivariate analysis, multicol-
linearity was excluded using Spearman analyses. After
checking for significant results in univariate analyses, a
multivariate logistic regression was performed. Stepwi-
se elimination technique was used to find independently
associated parameters with the moderate-to-severe exer-
cise intolerance. Only variables with P < 0.05 were incl-
uded in the final model. Goodness-of-fit was assessed by
the Hosmer-Lemeshow test. Significant correlations be-
tween the predictors and other measurements were ex-
amined using Pearson correlation and t-test. Results fr-
om our regression analysis were presented as odds rati-
os (OR) with 95% confidence intervals (CI). Odds ratios
and the beta coefficients used in the logistic equation co-
uld be converted into each other: OR = eβ.

In the end, one parameter (V4.1), independently asso-
ciated with the moderate-to-severe exercise intolerance
criteria, were included in the predictive model. The area
under the curve (AUC) was calculated to evaluate the di-
scriminatory ability of the risk stratification score. 

RESULTS
 

Patient′s Demographic and Clinical Data

Total 53 (100.0%) patients were included in the study.

For all patients, the mean age was 59.4 ± 11.3 years and
37 (69.8%) patients were males. The 1st group included 33
(62.3%) patients with mild exercise intolerance. The 2nd

group included 20 (36.7%) patients with moderate-to-se-
vere exercise intolerance. The demographics and clinical
characteristics of patients are shown in Table 1. Patients
with moderate-to-severe exercise intolerance were more
likely to have diagnosed pulmonary hypertension (45.0%
vs. 6.1%, P = 0.018). Also, in patients with mild exercise
intolerance value of 6MWDT was significantly higher
(415.1 ± 76.3 vs. 242.2 ± 60.7 m, P < 0.001). This significa-
nt difference was due to the fact that patients were div-
ided into groups according to the results of 6MWDT. 

Transthoracic Echocardiography Characteristics

TTE revealed a significantly higher right atrial volume
(RAV) [95.6 (74.6–110.2) vs. 67.3 (51.5–90.7) mL, P = 0.022]
and index (RAI) [49.0 (37.8–55.3) vs. 35.1(26.7–44.8) mL/
m2, P = 0.006], right ventricle (RV) size (26.9 ± 4.2 vs. 24.2
± 2.7 mm, P = 0.022) and RVSP [34.5 (30.5–53.5) vs. 29.0
(25.0–34.0) mmHg, P = 0.003] in patients with moderate-
to-severe exercise intolerance. According to TTE results
in patients with mild exercise intolerance values of stroke
volume (SV) (74.9 ± 18.9 vs. 63.7 ± 15.4 mL, P = 0.033) and
LVEF [35.0 (30.0–47.0) % vs. 28.0 (25.0–33.5) %, P = 0.001] we-
re significantly higher. A detailed comparison of TTE
parameters between patients with mild and moderate-
to-severe exercise intolerance are presented in Table 2. 

Mitochondrial Respiratory Dysfunction Character-
istics

Assessment of MRD revealed a significantly higher
V3.1 [137.5 (105.7–187.5) nM O2/min/mg MP vs. 85.8 (59.2–
118.6) nM O2/min/mg MP, P = 0.002] and V4.1 [52.3 (45.3–
86.9) n O2/min/mg MP vs. 26.1 (19.3–37.8) nM O2/min/mg
MP, P < 0.001] values in patients with mild exercise in-
tolerance. A detailed comparison of MRR parameters
between groups is presented in Table 3. 

Analysis for HF Severity Risk Stratification

Based on the evaluated parameters, V4.1 was the para-
meter most strongly associated with the moderate-to-sev-
ere exercise intolerance. Its discriminative ability was as-
sessed by ROC analysis revealing an AUC of 0.864 (95%
CI: 0.741–0.942). In addition, this parameter strongly cor-
related with the V3.1 (R = 0.871, P < 0.001). The ability of
LVEF to discriminate for the moderate-to-severe exercise
intolerance was similar with an AUC of 0.757 (95% CI:

 

Figure 2    Study flow chart. HF: heart failure; FC: functional class;
TTE: transthoracic echocardiography; NYHA: New York Heart As-
sociation; MRD: mitochondrial respiratory dysfunction; PBMC: pe-
ripheral blood mononuclear cells; Pts: patients.
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0.619–0.864). Concerning RVSP, RV size, SV, RAI and V3.1/
V4.1 ratio, calculation of the ROC curves revealed an AUC
of 0.742 (95% CI: 0.604–0.853), 0.689 (95% CI: 0.547–
0.809), 0.677 (95% CI: 0.534–0.799), 0.724 (95% CI: 0.584–
0.838) and 0.677 (95% CI: 0.535–0.799), respectively. In
addition, RVSP strongly correlated with the pulmonary
hypertension (R = 0.702, P < 0.001) and RAI with RAV (R
= 0.963, P < 0.001).

According to the univariate logistic regression analys-
is V4.1 (OR = 0.932, 95% CI: 0.891–0.975, P < 0.001), LVEF
(OR = 0.911, 95% CI: 0.847–0.980, P = 0.002), RVSP (OR =
1.093, 95% CI: 1.026–1.164, P = 0.001), RV size (OR = 1.282,
95% CI: 1.045–1.571, P = 0.006), SV (OR = 0.963, 95% CI:
0.930–0.997, P = 0.026), RAI (OR = 1.056, 95% CI: 1.010–
1.103, P = 0.006) and V3.1/V4.1 ratio (OR = 2.390, 95% CI:
1.133–5.041, P = 0.010) were independently associated
with the moderate-to-severe exercise intolerance. Only
V4.1 parameters remained significant in multivariate re-
gression, even after adjustment for age, female gender,
body mass index (BMI), estimated glomerular filtration
rate (eGFR), presence of MI in anamnesis and QRS dura-
tion (OR = 0.932, 95% CI: 0.891–0.975). The beta coeffici-
ents in the logistic equation correspond to the natural lo-
garithm of the Odds ratio (ln(OR) = β; OR = eβ). 

Severity of HF Risk Score Development

A risk score for the severity of HF was created using
logistic regression based on collected data. The V4.1 para-
meter was included in the final model since this param-
eter remained significant in multivariate logistic regres-
sion, even after adjustment for age, female gender, BMI,
eGFR, presence of MI in anamnesis and QRS duration.
The AUC was calculated to evaluate the discriminatory
ability of the risk stratification score. The model demon-
strated discrimination ability evidenced by an AUC of
0.864 (Figure 3). At a cutoff value of > 0.35; the model ex-
hibited a sensitivity of 85.00% and a specificity of 84.85%
in distinguishing of patients with ICD implantation in-
dications regarding the HF severity. Our risk stratificat-
ion analysis revealed a positive predictive value of 70.00%
and a negative predictive value of 87.88%.

The V4.1 value must be inserted in the score equation
(in nmol O2/min/mg MP). The result of the logistic equa-
tion below is the probability (p) of the moderate-to-seve-
re exercise intolerance. If the score is > 0.35, this risk score
permits the identification of patients with ICD implanta-
tion indications at an increased risk for the moderate-to-

 

Table 1    Demographic and clinical characteristics of enrolled patients.

Demographic and clinical characteristics
Total

(n = 53)

1st group
Mild exercise

intolerance
(n = 33)

2nd group
Moderate-to-severe
exercise intolerance

(n = 20) P2-3

1 2 3
Age, yrs   59.4 ± 11.3     58.5 ± 10.2   61.1 ± 13.1 0.468

Male gender 37 (69.8%) 22 (66.6%) 15 (75.0%) 0.620

History of MI 20 (37.7%) 11 (33.3%) 9 (45.0%) 0.485

History of CA stenting 16 (30.2%) 9 (27.3%) 7 (35.0%) 0.646

History of CABG 4 (7.5%) 2 (6.1%) 2 (10.0%) 0.818

Ischemic HF 22 (41.5%) 12 (36.4%) 10 (50.0%) 0.485

Nonischemic HF 31 (58.5%) 21 (63.6%) 10 (50.0%) 0.451

Pulmonary hypertension 11 (20.7%) 2 (6.1%) 9 (45.0%) 0.018
6MWDT, m 349.9 ± 109.9 415.1 ± 76.3 242.2 ± 60.7 < 0.001
Arrhythmias and heart conduction system diseases prior to ICD implantation

　SVT 14 (26.4%) 5 (15.1%) 9 (45.0%) 0.072

　Ventricular fibrillation 2 (3.8%)     0         2 (10.0%) 0.550

　Atrial fibrillation 15 (28.3%) 9 (27.3%) 6 (30.0%) 0.876

　LBBB 34 (64.1%) 21 (63.6%) 13 (65.0%) 0.941

　RBBB 4 (7.5%) 1 (3.0%) 3 (15.0%) 0.474

　QRS duration, ms 149.2 ± 29.4   145.1 ± 30.5 156.1 ± 26.9 0.079

　CQT, ms 470.7 ± 40.9   467.3 ± 38.1 476.2 ± 45.7 0.485
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Continued

Demographic and clinical characteristics
Total

(n = 53)

1st group
Mild exercise

intolerance
(n = 33)

2nd group
Moderate-to-severe
exercise intolerance

(n = 20) P2-3

1 2 3
ICD implantation indications

　SCD primary prevention 39 (73.6%) 28 (84.9%) 11 (55.0%) 0.072

　SCD secondary prevention 14 (26.4%) 5 (15.1%) 9 (45.0%) 0.072

Comorbidities

　Hypertension 21 (39.6%) 13 (39.4%) 8 (40.0%) 0.769

　Diabetes mellitus 16 (30.2%) 10 (30.3%) 6 (30.0%) 0.992

　Obesity 21 (39.6%) 14 (42.4%) 7 (35.0%) 0.659

　Stroke 2 (3.8%) 2 (6.1%)       0         0.720

　Dyslipidemia 20 (37.7%) 14 (42.4%) 6 (30.0%) 0.457

　eGFR, mL/min per 1.73 m2 72.0 (63.0–89.0) 78.0 (63.0–86.0) 71.0 (64.5–92.0) 0.679

　Body mass index   28.6 ± 5.4       28.9 ± 4.7     28.3 ± 6.5   0.508

Therapy

　Beta-blockers 50 (94.3%) 32 (96.9%) 18 (90.0%) 0.679

　ACEI 16 (30.2%) 11 (33.3%) 5 (25.0%) 0.620

　Amiodarone 21 (39.6%) 13 (39.4%) 8 (40.0%) 0.978

　AIIR blocker 36 (67.9%) 21 (63.6%) 15 (75.0%) 0.497

　Statins 41 (77.3%) 25 (75.7%) 16 (80.0%) 0.804

　Potassium-sparing diuretics 44 (83.0%) 27 (81.8%) 17 (85.0%) 0.854

　Loop diuretics 24 (45.3%) 14 (42.4%) 10 (50.0%) 0.653

　Anticoagulants 21 (39.6%) 13 (39.4%) 8 (40.0%) 0.978

　Antiplatelet agents 28 (52.8%) 17 (51.5%) 11 (55.0%) 0.840

　ISGLT2 39 (73.6%) 21 (63.6%) 18 (90.0%) 0.112

Bold values indicate statistical significance. Values are expressed as Mean ± SD or Me (Q1; Q3) for continuous variables and n (%) for cate-
gorical variables. 6MWDT: 6 minute walk distance test; ACEI: angiotensin-converting enzyme inhibitors; AIIR: angiotensin II receptor;
BMI: body mass index; CA: coronary artery; CABG: coronary artery bypass grafting; CQT: corrected QT interval; eGFR: estimated glo-
merular filtration rate; ICD: implantable cardioverter-defibrillator; ISGLT2: inhibitors of sodium-glucose co-transporter 2; HF: heart fai-
lure; LBBB: left bundle branch block; LV: left ventricle; MI: myocardial infarction; RBBB: right bundle branch block; SCD: sudden cardi-
ac death; SVT: sustained ventricular tachycardia.
 

Table 2    Transthoracic echocardiography parameters of enrolled patients.

TTE parameters
Total

(n = 53)

1st group
Mild exercise

intolerance
(n = 33)

2nd group
Moderate-to-severe
exercise intolerance

(n = 20) P2-3

1 2 3

LA size, mm   45.9 ± 5.2     45.3 ± 5.2     46.8 ± 5.2   0.430

RV size, mm   25.2 ± 3.6     24.2 ± 2.7     26.9 ± 4.2   0.022

IVS, mm   10.1 ± 1.8     10.1 ± 1.7     10.1 ± 2.1   0.963

LVPW, mm   10.3 ± 1.7     10.3 ± 1.8     10.4 ± 1.6   0.383

LVEDD, mm   63.1 ± 8.9     62.7 ± 9.9     63.8 ± 7.0   0.686

LVESD, mm   52.3 ± 10.9   51.2 ± 12.1   54.2 ± 8.5   0.424

LVEDV, mL 215.0 (148.0–254.0) 188.0 (137.0–262.0) 224.0 (183.5–253.5) 0.255

LVESV, mL 145.0 (96.0–182.0) 113.0 (82.0–182.0) 166.0 (136.5–186.0) 0.078

SV, mL   70.7 ± 18.3   74.9 ± 18.9   63.7 ± 15.4 0.033
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severe exercise intolerance and following intensified th-
erapy.

Equation (1): Probability (P) of the moderate-to-severe

exercise intolerance.

P =
1

1+ e−z
z = 2.57−0.06×V4.1

[
nmol O2/min/mg MP

]
 

Continued

TTE parameters
Total

(n = 53)

1st group
Mild exercise

intolerance
(n = 33)

2nd group
Moderate-to-severe
exercise intolerance

(n = 20) P2-3

1 2 3

LVEF, % 33.0 (27.0–43.0) 35.0 (30.0–47.0) 28.0 (25.0–33.5) 0.001

CI, L/min/m2   2.40 ± 0.69   2.40 ± 0.64   2.23 ± 0.76 0.075

LAV, mL 101.9 (84.6–127.9) 96.4 (82.6–119.1) 114.6 (92.7–130.2) 0.265

RAV, mL 80.7 (58.4–100.3) 67.3 (51.5–90.7) 95.6 (74.6–110.2) 0.022

LVSI 0.63 (0.56–0.68) 0.63 (0.55–0.68) 0.63 (0.57–0.68) 1.000

RVSP, mmHg 31.0 (27.0–37.0) 29.0 (25.0–34.0) 34.5 (30.5–53.5) 0.003

E, cm/s 65.0 (50.0–80.0) 64.0 (50.0–75.0) 66.0 (48.0–93.5) 0.479

A, cm/s 67.0 (53.0–73.0) 67.0 (55.0–73.0) 67.5 (50.0–73.5) 0.963

E/A 1.00 (0.72–1.38) 0.97 (0.72–1.17) 1.12 (0.71–1.83) 0.491

RVS, cm/m2   1.80 ± 0.19   1.78 ± 0.17   1.83 ± 0.23 0.550

RAA, cm/m2   1.80 ± 0.23   1.77 ± 0.19   1.83 ± 0.28 0.526

LAI, mL/m2 52.0 (44.3–62.7) 50.5 (40.6–60.9) 59.1 (47.6–67.7) 0.098

RAI, mL/m2 40.8 (30.6–49.8) 35.1 (26.7–44.8) 49.0 (37.8–55.3) 0.006

LVEDI, mL/m2 105.5 (75.4–127.9) 102.2 (74.5–125.6) 120.0 (91.2–138.2) 0.174

LVESI, mL/m2 69.9 (47.3–95.2) 59.2 (41.6–92.6) 86.1 (64.8–101.2) 0.057

IMM, g/m2 128.8 ± 37.3 122.2 ± 28.8 139.7 ± 46.9 0.291

Bold values indicate statistical significance. Values are expressed as Mean ± SD or Me (Q1; Q3). A: left ventricle active filling rate; CI: car-
diac index (B); E: left ventricle early diastolic filling rate; E/A: left ventricle early diastolic filling rate to left ventricle active filling rate
ratio; IMM: index of myocardial mass; IVS: interventricular septum; LA: left atrium; LAI: left atrial index; LAV: left atrial volume; LV-
EDD: left ventricular end-diastolic dimension; LVEDI: left ventricular end-diastolic index; LVEDV: left ventricular end-diastolic vo-
lume; LVEF: left ventricle ejection fraction; LVESD: left ventricular end-systolic dimension; LVESI: left ventricular end-systolic index;
LVESV: left ventricular end-systolic volume; LVPW: left ventricle posterior wall; LVSI: left ventricular sphericity index; RAA: ratio of asc-
ending aortic diameter to body surface area; RAI: right atrial index; RAV: right atrial volume; RV: right ventricle; RVS: ratio of the Val-
salva sinus diameter to the body surface area; RVSP: right ventricle systolic pressure; SV: stroke volume.

 

Table 3    Mitochondrial respiration rate parameters of enrolled patients.

MRR parameters
Total

(n = 53)

1st group
Mild exercise

intolerance
(n = 33)

2nd group
Moderate-to-severe
exercise intolerance

(n = 20) P2-3

1 2 3

V3.1, nmol O2/min/mg 121.8 (76.4–170.1) 137.5 (105.7–187.5) 85.8 (59.2–118.6) 0.002

V3.2, nmol O2/min/mg 119.0 (70.5–170.6) 128.7 (74.2–190.4) 114.0 (62.3–156.4) 0.335

V4.1, nmol O2/min/mg 45.9 (30.4–66.6) 52.3 (45.3–86.9) 26.1 (19.3–37.8) < 0.001

V4.2, nmol O2/min/mg 41.9 (25.8–69.8) 44.6 (31.2–73.5) 35.3 (22.3–51.2) 0.086

RCC1 (V3.1/ V4.1) 2.51 (2.08–3.26) 2.37 (2.06–2.68) 2.94 (2.43–3.47) 0.032

RCC2 (V3.2/ V4.2) 2.63 (2.15–3.00) 2.63 (2.14–2.90) 2.67 (2.20–3.41) 0.446

Bold values indicate statistical significance. Values are expressed as Me (Q1; Q3). MP, mitochondrial protein; MRR, mitochondrial
respiration rate; RCC1, respiratory control coefficient V3.1/ V4.1 ratio; RCC2, respiratory control coefficient V3.2/ V4.2 ratio; V3.1, oxygen
consumption rate by mitochondria in pyruvate, malate and adenosine diphosphate; V3.2, oxygen consumption rate by mitochondria in
succinate and adenosine diphosphate; V4.1, oxygen consumption rate by mitochondria in pyruvate and malate; V4.2, oxygen consum-
ption rate by mitochondria in succinate.
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DISCUSSION

To our knowledge, the present results provide the first
evidence of an association between the severity of HF
with peripheral cellular MRD in patients with ICD im-
plantation indications. The major findings of this study
are that in patients with moderate-to-severe exercise in-
tolerance mitochondrial respiration rate is markedly re-
duced compared to that in patients with mild exercise in-
tolerance.

Old age, high BMI, low eGFR, wide QRS duration, MI
history and low LVEF are well-known major risk factors
for HF.[21-24] In our study, patients with moderate-to-se-
vere exercise intolerance (2nd group) compared with mild
exercise intolerance (1st group) did not differ significan-
tly in the above HF risk factors, with the exception of LV-
EF. In the 1st group patients LVEF was significantly high-
er (P = 0.001). According to the univariate logistic regres-
sion analysis LVEF was independently associated with
the moderate-to-severe exercise intolerance (OR = 0.911,
95% CI: 0.847–0.980, P = 0.002). But, the multivariate lo-
gistic regression analysis showed that none of these fa-
ctors was associated with the moderate-to-severe exerci-
se intolerance.

The RVSP is a readily available TTE parameter which
goes up with the age and weight gain.[10] Echocardiog-
raphic findings from the 1097 participants enrolled in
PARAGON-HF demonstrate that higher RVSP is associ-
ated with heightened risk for HF hospitalization.[24] Ac-
cording to our study results, RVSP in patients with NY-
HA FC III was significantly higher than in patients with
NYHA FC I-II (P = 0.003). Furthermore, univariate lo-

gistic regression showed that RVSP is one of the indep-
endent predictors of the moderate-to-severe exercise in-
tolerance (OR = 1.093, 95% CI: 1.026–1.164, P = 0.001). In ad-
dition, patients between groups differed in other TTE pa-
rameters (RV size, SV and RAI) and the univariate logi-
stic regression analysis showed that RV size (OR = 1.282,
95% CI: 1.045–1.571, P = 0.006), SV (OR = 0.963, 95% CI:
0.930–0.997, P = 0.026) and RAI (OR = 1.056, 95% CI:
1.010–1.103, P = 0.006) were independently associated
with the moderate-to-severe exercise intolerance. But, the
multivariate logistic regression analysis showed that no-
ne of these factors was associated with the moderate-to-
severe exercise intolerance.

It has been shown that the MRD is involved in HF.[25,26]

The mitochondrial respiration is essential for PBMC ho-
meostasis and its dysfunction can lead to the numerous
inflammatory responses in various diseases.[27] Recent st-
udies in HF have focused on the inflammation and syste-
mic oxidative stress potentially related to the MRD of PB-
MC.[19,28] These cells are involved in many inflammatory
diseases, including those caused by ischemia-reperfu-
sion episodes, which play a key role in cardiovascular ch-
anges.[29] Whether their MRD can be used as a diagnost-
ic, severity and/or prognosis biomarker in cardiovascul-
ar diseases is under evaluation.

The first data were reported by Li, et al. who descri-
bed a global decrease in mitochondrial respiratory func-
tion in 25 early stages, asymptomatic HF patients, as co-
mpared to 24 controls.[19] The high sensitivity C-reactive
protein, interleukin-6 and tumor necrosis factor-α, were
significantly higher, and superoxide dismutase - a major
antioxidant factor-transforming superoxide anion into
hydrogen peroxide, was reduced in HF patients. Then,
Shirakawa et al. observed in 31 compensated HF pa-
tients with reduced LVEF < 35% that the activities of sev-
eral MRR complexes were altered.[28] Thus, complexes I +
II and the maximal electron transfer system with comp-
lexes I + II and II alone were significantly reduced in FC
NYHA III (16 patients) versus the NYHA I or II groups
(15 patients), P < 0.05. This suggests that impaired PB-
MC mitochondrial respiration is related to the degree of
severity of the disease. At the same time, mitochondrial
reactive oxygen species were significantly higher in the
NYHA III group than in the NYHA I or II groups. Recen-
tly, data from 19 severe HF stage patients also showed an
impairment of maximal respiration as compared to the
controls, with the basal oxygen consumption rate tend-
ing to be lower.[30] According to our study results, in pati-

 

Figure 3    Risk model of moderate-to-severe exercise intolerance.
AUC: area under the curve; HF: heart failure.
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ents with moderate-to-severe exercise intolerance, the
MRD indicators such as V3.1 (P = 0.002) and V4.1 (P < 0.001)
and were significantly lower compared with mild exer-
cise intolerance. But V3.2 was not decreased significantly
in the 2nd group compared to the 1st group (P = 0.335). The
results obtained may reflect metabolic changes associ-
ated with a decrease in respiration during the pyruvate
and malate oxidation (respiratory chain complex I activ-
ity) and the absence of such during succinate oxidation.
The latter may be associated with cell compensatory re-
actions of against the background of prolonged systemic
exposure to hypoxia on circulating cells in HF, greater st-
ability of succinate dehydrogenase (respiratory chain
complex II), as well as a shorter path of electron transfer
in the respiratory chain, which is less reflected in the ox-
ygen consumption rate decrease and ATP synthesis, re-
spectively. The RCC1 (V3.1/V4.1) was rather increased
in the 2nd group, which was opposite to the result of the
V3.1. The revealed differences may be due to HF dura-
tion. Thus, in the 2nd group, protective mechanisms ac-
tivated in PBMC aimed at reducing oxygen consump-
tion rate in the V4 metabolic state to reduce electron leak-
age from the respiratory chain and potentially reduce the
synthesis of reactive oxygen species. The univariate and
multivariate logistic regression showed that the V4.1, ev-
en after adjustment for age, female gender, BMI, eGFR,
presence of MI in anamnesis and QRS duration, was the
only independent predictor of moderate-to-severe exer-
cise intolerance (OR = 0.932, 95% CI: 0.891–0.975). This
may indicate that the assessment of MRD may also be an
interesting marker of HF severity and be considered as
useful signaling factors. But differences of opinion with
previous studies highlight the importance of these find-
ings and the need for future large-scale studies.

Thus, to better understand whether circulating PBMC
mitochondrial function in patients with HF may be indi-
cative of diagnostics, prognosis, multicenter clinical trials
are needed in which a large number of HF patients are
studied using a standardized analysis of PBMC mitoch-
ondrial function measured along with various blood bi-
omarkers and clinical outcomes, and using linear regres-
sion modeling to control for individual comorbid condi-
tions or therapeutic utility.[19,27,28] In our study, V4.1 parame-
ter reflecting HF severity processes was selected for our
risk stratification model. This parameter appears to be
able to predict moderate-to-severe exercise intolerance in
patients with ICD implantation indications. The deve-
loped HF severity risk stratification model allowed us to

correctly predict the moderate-to-severe exercise into-
lerance in our study cohort with an accuracy of 81.13%.
The sensitivity of the model was 85.00%, while the spe-
cificity was 84.85%. The positive predictive value was
70.00%, while the negative predictive value was 87.88%.
Thus, a negative result from our risk stratification mod-
el (below the cut-off value) can be used to rule out the mi-
ld HF. The negative predictive value is of particular im-
portance in clinical applications. Patients scoring above
the cut-off value have an increased risk for the modera-
te-to-severe exercise intolerance and they should inten-
sify therapy. 

Limitations

Our study has some limitations. One of these is non-
randomized and single-center type of study. Limitations
of the study also included the absence of follow-up and
relatively small sample size, which may have reduced
thevalue of the results. 

Conclusions

In summary, HF severity is associated with PBMC mi-
tochondrial respiratory dysfunction in patients with ICD
implantation indications. We have developed HF sever-
ity risk model including V4.1 parameters is able to distin-
guish patients with mild and moderate-to-severe exer-
cise intolerance. Further investigations of their predictive
significance are warranted. 
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