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Aim: Arterial hypertension leads to progressive cardiovascular dysfunction and heart failure. The aim of the study was to assess exercise 
capacity in hypertensives with the use of a cardiopulmonary exercise test, impedance cardiography and 6-minute walk test with special 
emphasis on haemodynamic response to exercise workload. Methods: 114 patients (53.5% women, 55.7 ± 9.1 years) were evaluated for 
reported symptoms, N-terminal pro-B-type natriuretic peptide (NTproBNP) levels, echocardiographic parameters and exercise capacity 
with 6-minute walk test, cardiopulmonary exercise test and haemodynamic parameters (by means of impedance cardiography). Results: 
50% of patients had reported symptoms of impaired exercise tolerance, mostly dyspnoea on exertion (37.7%). NTproBNP levels exceeded 
125 pg/mL in 19.3% of patients. Left ventricular diastolic dysfunction was found in 8.8% and heart failure was diagnosed in 6.2% 
of patients. A wide range of peak oxygen uptake (peak VO2) and 6-minute walk test distance was observed: 19.4 ± 5.2 mL/min/kg and 
526.7 ± 112.0 m, respectively. A major proportion of patients demonstrated decreased exercise capacity parameters: 56.1% achieving peak 
VO2 < 22 mL/min/m2; 45.9% achieving peak VO2 < 80% of the predictive value; 37.3% achieving 6-minute walk test distance shorter than 
the predicted values. The impedance cardiography recorded at peak exercise: heart rate 147.2 ± 22.4 bpm, stroke volume 110.2 ± 21.8 mL, 
cardiac output 15.9 ± 4.2 L/min, peak systemic vascular resistance 587.4 ± 168.0 dyn.s/cm5. Conclusions: Although a very small 
proportion of patients with uncomplicated arterial hypertension meet the criteria for being diagnosed with heart failure, the symptoms 
of impaired exercise tolerance as well as abnormal results of objective exercise capacity assessments are quite common in these patients.
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Cel: Nadciśnienie tętnicze prowadzi do postępującej dysfunkcji układu krążenia i niewydolności serca. Celem pracy była ocena 
wydolności fizycznej chorych z nadciśnieniem tętniczym z wykorzystaniem sercowo-płucnego testu wysiłkowego, wysiłkowej 
kardiografii impedancyjnej oraz 6-minutowego testu marszowego, ze szczególnym uwzględnieniem odpowiedzi hemodynamicznej 
na obciążenie wysiłkiem. Metody: 114 chorych (53,5% kobiet, wiek 55,7 ± 9,1 roku) oceniono pod względem zgłaszanych 
objawów, stężenia N-końcowego propeptydu natriuretycznego typu B (N-terminal pro-B-type natriuretic peptide, NTproBNP), 
wykładników echokardiograficznych oraz wydolności fizycznej za pomocą 6-minutowego testu marszowego i sercowo-płucnego 
testu wysiłkowego, a także parametrów hemodynamicznych za pomocą wysiłkowej kardiografii impedancyjnej. Wyniki: 
W badanej grupie 50% osób zgłaszało obniżenie tolerancji wysiłku, w tym 37,7% duszność wysiłkową. U 19,3% chorych stężenie 
NTproBNP przekroczyło wartość 125 pg/ml. Dysfunkcję rozkurczową stwierdzono u 8,8% z nich, ale kryteria rozpoznania 
niewydolności serca z zachowaną frakcją wyrzutową spełniło jedynie 6,2%. Obserwowano szeroki zakres szczytowego pochłaniania 
tlenu (peak VO2) i dystansu 6-minutowego testu marszowego, odpowiednio 19,4 ± 5,2 ml/min/kg i 526,7 ± 112,0 m. Wysoki 
odsetek badanych prezentował obniżone parametry wydolności fizycznej: 56,1% osiągnęło peak VO2 < 22 ml/min/m2, a 45,9% – 
peak VO2 < 80% wartości predykcyjnej; 37,3% badanych nie osiągnęło należnej wartości dystansu 6-minutowego testu marszowego. 
W wysiłkowej kardiografii impedancyjnej zarejestrowano na szczycie wysiłku: częstość rytmu serca 147,2 ± 22,4/min, objętość 
wyrzutową 110,2 ± 21,8 ml, pojemność minutową 15,9 ± 4,2 l/min, opór obwodowy 587,4 ± 168,0 dyn.s/cm5. Wnioski: Objawy 
obniżonej tolerancji wysiłku i nieprawidłowe wyniki obiektywnej oceny wydolności fizycznej u pacjentów z niepowikłanym 
nadciśnieniem tętniczym są częste, chociaż niewielki odsetek tych chorych spełnia kryteria diagnostyczne niewydolności serca.

Słowa kluczowe: nadciśnienie tętnicze, niewydolność serca, sercowo-płucny test wysiłkowy, wydolność fizyczna, kardiografia 
impedancyjna
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INTRODUCTION

Arterial hypertension (AH) is a common condition 
and one of the key risk factors for cardiovascular dis-
eases with poor prognosis(1–3). Progressive cardiovas-

cular dysfunction in patients with AH is both continual and 
individually diverse. Routine diagnostic methods often fail to 
objectify the symptoms of exercise intolerance to a degree suf-
ficient to establish a definitive diagnosis of heart failure (HF). 
They are typically limited to the measurement of haemody-
namic parameters at rest, which precludes detecting possible 
signs of cardiovascular dysfunction during exercise. As a re-
sult, the complaints of patients with uncomplicated AH are 
in many cases believed to be of a purely subjective nature.
However, given the fact that exercise capacity is strongly 
associated with the quality of life and is an independent 
prognostic factor(4,5), it is practical to search for objective 
diagnostic methods that would help assess cardiovascu-
lar function during exercise. Such are the 6-minute walk 
test (6MWT) and cardiopulmonary exercise test (CPET), 
which are established as useful in patients with heart, lung, 
and musculoskeletal conditions as well as in healthy indi-
viduals and athletes(6–9). Although they help measure exer-
cise capacity, their potential to reflect the haemodynamic 
changes during exercise is limited. On the other hand, sup-
plementing these tests with invasive haemodynamic evalu-
ation is related with the risk of complications and requires 
extensive experience(10). This is not so with impedance car-
diography (ICG), the use of which in assessing exercise ca-
pacity in AH patients was demonstrated in our preliminary 
studies(11). Therefore, the purpose of the presented study 
was to assess exercise capacity of hypertensive patients 
with special emphasis on haemodynamic response to exer-
cise workload evaluated by ICG.

METHODS

Study group

The study group comprised AH patients of both sexes, 
aged 40–75 years, recruited between September 2014 and 
September 2017. The exclusion criteria were: confirmed sec-
ondary AH; chronic kidney disease with estimated glomer-
ular filtration rate (eGFR) <60 mL/min/1.73 m2 calculat-
ed according to the MDRD (Modification of Diet in Renal 
Disease Study) equation; history of ischaemic heart disease; 
other severe comorbidities: left ventricular ejection fraction 
(LVEF) <50%; hypertrophic/dilated cardiomyopathy; clin-
ically significant arrhythmias; non-sinus rhythm (includ-
ing permanent cardiac pacing); clinically significant valvu-
lar disease; pre-existing diabetes mellitus; polyneuropathy; 
exercise-limiting peripheral vascular disease and/or muscu-
loskeletal disorders; body mass index (BMI) of >40 kg/m2; 
psychiatric conditions preventing full cooperation with the 
patient; pre-existing lung disease (asthma, chronic obstruc-
tive pulmonary disease, pulmonary embolism).

The study was conducted in accordance with the principles 
of Good Clinical Practice and Declaration of Helsinki, the 
study protocol had been approved by the local Bioethics 
Committee (approval No. 14/WIM/2014), and a written 
informed consent had been obtained from each patient. 
The study has been registered at ClinicalTrials.gov 
(NCT02634866).

Medical history and physical examination

Medical examination involved collecting history of any con-
comitant conditions, cardiovascular risk factors (for exam-
ple smoking), and reported symptoms (especially the pa-
tient’s subjective assessment of exercise capacity, including 
reduced exercise tolerance, dyspnoea, chest pain) as well 
as physical examination, including a thorough assessment 
of systolic (SBP) and diastolic blood pressure (DBP), signs 
of pulmonary congestion and/or oedema, and body mea-
surements (height, weight, BMI).

Laboratory tests

Laboratory tests were conducted on fasting periph-
eral venous blood samples collected in the morning 
(7:00–8:30 am). The levels of the following parameters were 
evaluated: haemoglobin, D-dimer, N-terminal pro-B-type 
natriuretic peptide (NTproBNP), creatinine, urea and 
uric acid, fasting glucose, total cholesterol, low-density 
lipoprotein (LDL), high-density lipoprotein (HDL), tri-
glycerides (TG). The eGFR was calculated based on the 
MDRD equation. The threshold values for total choles-
terol, LDL, HDL, TG, fasting blood glucose, haemoglobin 
and D-dimer were based on the current European Society 
of Cardiology guidelines(1,2,12).

Echocardiography

Echocardiographic examinations were conducted with 
the Vivid S6 ultrasound system (GE Medical System, 
Wauwatosa, WI, USA), in standard parasternal, apical, and 
subcostal views. The following parameters were measured: 
cardiac chamber size, myocardial contractility, left ventricu-
lar wall thickness, ejection fraction, as well as valvular struc-
ture and function. Left atrial enlargement (LAE) was deter-
mined based on the left atrial volume index [LAVI (mL/m2)] 
exceeding 34 mL/m2(13). Left ventricular hypertrophy (LVH) 
was diagnosed – in line with the current American Society 
of Echocardiography (ASE) recommendations(14) –based 
on the left ventricular mass indexed to body surface area 
(LVMI, left ventricular mass index of >95 g/m2 for females 
and >115 g/m2 for males). The left ventricular ejection frac-
tion (LVEF) was assessed with Simpson’s method. Left ven-
tricular diastolic dysfunction (LVDD) was diagnosed ac-
cording to the current recommendations(15) based on the 
presence of at least 2 of the following criteria: 1) mitral flow 
early (E) phase and mitral septal annulus early diastolic 
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velocity (e’) ratio (E/e’) >14; 2) average e’ <7 cm/s; 3) tri-
cuspid regurgitation jet velocity (TRV) >2.8 m/s; 4) LAVI 
>34 mL/m2. The left ventricular filling pressure was as-
sessed and LVDD was graded based on the variables listed 
above and transmitral flow parameters E/A [mitral flow ear-
ly (E) and late (A) phase ratio] and E in the following rang-
es: E/A ≤0.8, >0.8–<2, and ≥2; E ≤50 cm/s and >50 cm/s.

Six-minute walk test

The 6MWT was performed according to the 2002 American 
Thoracic Society guidelines(8). The patients were instruct-
ed to walk as fast as they could at a comfortable pace along 
a 30-meter-long corridor marked every 10 meters. The to-
tal distance covered over 6 minutes (6MWTd) was rounded 
to 5 meters. The resulting absolute values were expressed as 
percentage of the predicted 6MWTd values, calculated in-
dividually for each patient based on reference equations in-
troduced by Enright and Sherrill(6):
Men: (predicted) 6MWTd = [7.57 × height (cm)] − [5.02 
× age (year)] − [1.76 × weight (kg)] − 309 m
Women: (predicted) 6MWTd = [2.11 × height (cm)] – [2.29 
× weight (kg)] – [5.78 × age (year)] + 667 m

Cardiopulmonary exercise testing

CPET was conducted in each patient in the morning (be-
tween 9 and 11 am), after they took their medications. 
The test was conducted on the Ergoselect cycle ergome-
ter (Geratherm Respiratory GmbH, Germany), accord-
ing to an individual ramp protocol (with the goal of reach-
ing the target workload within 10 minutes). Prior to each 
test, oxygen and carbon dioxide sensors and the Ergoflow 
flow sensor (Geratherm Respiratory GmbH, Germany) 
were calibrated. Prior to each cardiopulmonary exercise 
test, resting spirometry was performed to exclude obstruc-
tive diseases [the first second of forced expiration/forced 
vital capacity, FEV1/FVC and FEV1] and measure vital ca-
pacity (VC). Each patient was subjected to a symptom-
limited CPET protocol [with the exercise stopped at the on-
set of symptoms (fatigue, dyspnoea) or upon the patient’s 
request](7). The breath-by-breath analysis of respiratory gas 
exchange was performed with a Geratherm Ergostik system 
(Geratherm Respiratory GmbH, Germany). The following 
parameters were continuously monitored throughout the 
test and were assessed at the anaerobic threshold (AT) and 
at peak oxygen consumption (peak VO2) time points and 
expressed as percentage of their respective predicted values: 
oxygen consumption [VO2 (mL/kg/min)]; minute ventila-
tion [VE (L/min)]; and ventilatory equivalents for carbon 
dioxide production (VE/VCO2), breathing reserve (BR), 
oxygen (O2) pulse (mL/min). Additionally, the follow-
ing parameters were assessed: maximum achieved work-
load (Wmax); respiratory exchange ratio (RER); VO2-work 
rate relationship (VO2/WR (mL/min/W)]; maximum heart 
rate at peak exercise [HRmax (bpm)]; heart rate recovery 

[HRR (bpm)] at 1 minute after exercise; and exercise ven-
tilatory efficiency (VE/VCO2 slope). The heart’s electrical 
function (12-lead ECG) and O2 saturation were monitored 
continuously. 
Peak VO2 was expressed as the highest average value from 
the final 30 seconds of exercise. The predicted VO2 value 
(VO2pred) was estimated based on Wasserman’s equation(16). 
RER was defined as the highest average VCO2/VO2 value 
of the final 30 seconds of exercise. A regression equation 
was used to calculate the VE/VCO2 slope, based on VE and 
VCO2 values averaged every 10 seconds, obtained through-
out the exercise period. BR was calculated as follows: BR = 
maximum voluntary ventilation (MVV = FEV1 × 40) − 
peak VE. After CPET was completed, the AT was deter-
mined non-invasively with a V-slope method, based on the 
VO2 and VCO2 relationship(15), while the O2 pulse was cal-
culated as VO2/HR. In line with the current recommen-
dations(7,17), the following parameter values were consid-
ered abnormal: peak VO2 <22 mL/min/kg, peak VO2 <80% 
of the predicted value, VO2 at the AT <40% of the predict-
ed value, VE/VCO2 slope >34, VO2/WR <10 mL/min/W, O2 
pulse <85% of the predicted value, HRR <12 bpm, BR <11 L 
or <15% MVV.

Impedance cardiography during exercise

ICG was conducted with the PhysioFlow device (Manatec, 
Paris, France) during CPET, according to the methodology 
consistent with another article(18). The assessment is based 
on alterations in electric impedance caused by changes 
in chest volume during heart systole, which allows contin-
uous monitoring (beat-to-beat) of heart rate [HR (bpm)], 
stroke volume [SV (mL)] and cardiac output [CO (L/min)]. 
However, this device does not require measuring the base-
line thoracic impedance (Z0) or blood resistivity, but analy-
ses signal morphology of impedance changes and offers ad-
vanced artifact elimination. For each patient the device was 
calibrated by conducting an assessment at rest, according 
to manufacturer’s instructions (autocalibration procedure). 
CO and its components SV and HR are the most impor-
tant in the assessment of exercise capacity and their reli-
ability and accuracy are the best documented(18). Systemic 
vascular resistance [SVR (dyn.s/cm5)] was calculated as 
(mean arterial blood pressure minus central venous pres-
sure)/CO × 80. We also measured the change (Δ) in these 
parameters between their values at peak exercise and those 
at the preceding period of rest.

Statistical analysis

The data was recorded, and the obtained results were an-
alysed statistically with Statistica 12.0 software (StatSoft 
Inc., Tulsa, OK, USA). The results obtained for quantita-
tive variables were expressed as means ± standard deviation 
(SD), while those obtained for qualitative variables were ex-
pressed as absolute values and percentages.
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RESULTS

The assessments were conducted in a group of 114 patients 
with AH; their baseline characteristics are presented in Tab. 1. 
Most patients had well-controlled hypertension. A relatively 
large proportion of patients (50%) reported symptoms of re-
duced exercise tolerance; these were mostly dyspnoea on exer-
tion (37.7%) and atypical chest pain (44.7%), with headaches, 
vertigo, and visual disturbances also relatively common. Most 
common treatments included angiotensin converting enzyme 
(ACE) inhibitors, beta-blockers, and diuretics.

Laboratory tests

The proportions of metabolic abnormalities associated with 
high cardiovascular risk in the study group were as fol-
lows: elevated fasting blood glucose, total cholesterol, LDL, 
and TG levels in 42.1%, 50.9%, 63.2%, and 31.6% of pa-
tients, respectively; low HDL levels in 10.5%; hyperuricemia 
in 26.3% of patients. Anaemia was diagnosed in 6 females 

(the lowest haemoglobin 11.1 g/dL). Although 13.1% of pa-
tients had a D-dimer level above the value excluding throm-
boembolic disease, none of them showed an increased 
clinical and echocardiographic probability of pulmonary 
embolism. NTproBNP levels exceeded the threshold value 
used for diagnosing HF in 19.3% of patients (Tab. 2).

Echocardiography

Echocardiography revealed no clinically significant heart 
defects, regional contractility abnormalities, or decrease 
in LVEF. Although some diastolic parameters were ab-
normal in a major proportion of patients (e.g. e’ <7 cm/s 
in 30.1%), only 8.8% of patients were diagnosed with 
(grade 1) diastolic dysfunction (Tab. 3). Only 7 patients 
(6.2%) were diagnosed with HF with preserved ejec-
tion fraction (HFpEF) on the basis of clinical findings, 
NTproBNP levels, and echocardiographic evidence.

Cardiopulmonary exercise testing

CPET was performed correctly in 107 patients. Nine 
of these patients failed to reach the AT and for this reason 
were excluded from detailed analysis.

Variable Study group (N = 114)
Age (years), mean ± SD 55.7 ± 9.1
Men, n (%) 53 (46.5)
SBP (mm Hg), mean ± SD 128 ± 14
DBP (mm Hg), mean ± SD 80 ± 8
HR (bpm), mean ± SD 70 ± 10
BMI (kg/m2), mean ± SD 29.3 ± 4.0
High (cm), mean ± SD 168.7 ± 9.6
Waist circumference (cm), mean ± SD 98.3 ± 10.4
Hip circumference (cm), mean ± SD 106.5 ± 6.8
Obesity, BMI >30 kg/m2, n (%) 45 (39.5)
Smoking, n (%) 21 (18.4)
Symptoms
Reduced exercise tolerance, n (%) 57 (50)
Dyspnoea during exercise, n (%) 43 (37.7)
Dyspnoea at rest, n (%) 5 (4.4)
Chest pain, n (%) 51 (44.7)
Peripheral oedema, n (%) 35 (30.7)
Headache, n (%) 48 (42.1)
Dizziness, n (%) 38 (33.3)
Vision disorders, n (%) 12 (10.5)
Palpitations, n (%) 37 (32.5)
Syncope, n (%) 5 (4.4)
Hypotensive treatment
ACEI, n (%) 63 (55.3)
ARB, n (%) 20 (17.5)
BB, n (%) 45 (39.5)
Diuretic, n (%) 45 (39.5)
CB, n (%) 26 (22.8)
ACEI – angiotensin converting enzyme inhibitor; ARB – angiotensin receptor 
blocker; BB – beta-blocker; BMI – body mass index; CB – calcium blocker; 
DBP – diastolic blood pressure; HR – heart rate; SBP – systolic blood 
pressure; SD – standard deviation.

Tab. 1. Baseline characteristics of the study group

Variable Study group 
(N = 114)

HGB (g/dL), mean ± SD 14.4 ± 1.4
HGB <13.5 g/dL for men, <12 g/dL for female, n (%) 6 (5.2)
Creatinine (mg/dL), mean ± SD 0.86 ± 0.2
eGFR (mL/min/1,73 m2), mean ± SD 75.1 ± 20.2
Urea (mg/dL), mean ± SD 34.2 ± 8.0
FG (mg/dL)109, mean ± SD 102.0 ± 14.7
FG109 ≥102 mg/dL, n (%) 48 (42.1)
T-C101 (mg/dL), mean ± SD 204.6 ± 49.8
T-C101 >190 mg/dL, n (%) 58 (50.9)
TG100 (mg/dL), mean ± SD 143.0 ± 89.5
TG100 >150 mg/dL, n (%) 36 (31.6)
LDL-C101 (mg/dL), mean ± SD 141.3 ± 41.0
LDL-C101 >115 mg/dL, n (%) 72 (63.2)
HDL-C101 (mg/dL), mean ± SD 56.3 ± 14.5
HDL-C101 <40 mg/dL for men, <46 mg/dL for female, n (%) 12 (10.5)
Uric acid97 (mg/dL), mean ± SD 5.9 ± 1.4
Uric acid97 >7 mg/dL, n (%) 30 (26.3)
D-dimers106 (ug/mL), mean ± SD 0.39 ± 0.3
D-dimers106 >0,5 ug/mL for patients ≤ 50 years,  
> age × 0.01 µg/mL for patients >50 years, n (%)

15 (13.1)

NTproBNP104 (pg/mL), mean ± SD 159.6 ± 509.7
NTproBNP104 >125 pg/mL, n (%) 22 (19.3)
Number of subjects examined in upper index. 
eGFR – estimated glomerular filtration rate; FG – fasting glucose;  
HDL-C – high density lipoprotein cholesterol; HGB – haemoglobin;  
LDL-C – low density lipoprotein cholesterol; NTproBNP – N-terminal  
pro-B-type natriuretic peptide; SD – standard deviation, TG – triglycerides; 
T-C – total cholesterol.

Tab. 2. Laboratory tests
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Baseline spirometry revealed no clinically significant abnor-
malities, such as evidence of obstructive disease. The mean 
VC was 3.9 ± 1.1 L (106.2 ± 15.1% of the reference value), 
FEV1 was 3.1 ± 0.9 L (103.4 ± 14.8% of the reference val-
ue), FEV1/FVC was 81.4 ± 6.3% (104.4 ± 8.3% of the refer-
ence value).
A large proportion of patients demonstrated objective ev-
idence of reduced exercise capacity (Tab. 4): with 45.9% 
of patients achieving peak VO2 <80% of the predicted val-
ue, 32.6% of patients achieving O2 pulse <85% of the pre-
dicted value, and 58.1% of patients demonstrating VO2/WR 
of <10 mL/min/W. Moreover, 23.5% of patients showed 
a low heart rate recovery (HRR) of <12 bpm (Tab. 4). Some 
patients were treated with beta-blockers (n = 35), which 
significantly influenced maximum HR at peak exercise 
(treated vs. untreated: 134.4 ± 18.8 vs. 147.3 ± 21.0 bpm, 
p = 0.003) and HRR (32.9 ± 15.7 vs. 21.4 ± 15.7 bpm, 
p = 0.003), but not the % pred. peak VO2 (76.7 ± 17.7 
vs. 82.5 ± 16.3%, ns). The measured CPET parameters 
yielded a wide range of values. The mean peak VO2 val-
ue was 19.4 mL/min/kg; however, the minimum value 
(10.6 mL/min/kg) was nearly 4 times lower than the max-
imum value (37.2 mL/min/kg). The workload at peak ex-
ercise ranged from 38% to 135% of the individually pre-
dicted peak values (Fig. 1). Electrocardiography at rest and 
during exercise revealed no evidence of ischaemia in any 
of the patients.

Reasons of reduced exercise capacity were categorised ac-
cording to CPET algorithms(15,19) in poor effort (40 patients, 
reduced peak VO2, VO2 at AT >40% peak value, correct 
BR) or left ventricular dysfunction (36 patients, reduced 
peak VO2, VO2 at AT <75% pred. value, VE/VCO2 <34). 
Coronary artery disease was suspected (decreased pulse 
O2) and finally excluded by coronary angiography in only 
4 subjects. The indices of restrictive lung disease (reduced 
peak VO2, VO2 at AT >40% peak value, low BR and frequen-
cy of breathing >50/min) were present in 1 patient and pul-
monary vasculopathy in 2 cases (reduced peak VO2, VO2 at 
AT <75% pred. value, decreasing PETCO2 during exercise).

Impedance cardiography during exercise

The haemodynamic parameters assessed via ICG dur-
ing exercise also yielded a wide range of values (Tab. 5). 
At peak VO2, mean SV was 110 mL (range 57–165 mL), 
mean HR was 147 bpm (80–200 bpm), and mean CO was 
15.9 L/min (7.2–25.8 L/min). Changes in these param-
eters during exercise also varied widely. The average in-
crease in HR was by 70 bpm (24–170 bpm) and in CO by 
9.7 L/min (3.5–18.9 L/min). SV increased by 27.6 mL on 

Variable Study group 
(N = 113)

RVEDd (mm), mean ± SD 29.8 ± 3.5
IVSDd (mm), mean ± SD 10.1 ± 1.2
LVEDd (mm), mean ± SD 47.7 ± 3.9
LA (mm), mean ± SD 37.6 ± 3.8
LAVI108 (mL/m2), mean ± SD 26.1 ± 7.7
Ao-asc (mm), mean ± SD 32.2 ± 3.2
LVMI108 (g/m2), mean ± SD 89.3 ± 19.0
LVEF109 (%), mean ± SD 64.7 ± 3.9
e’ avg108 (cm/s), mean ± SD 8.3 ± 2.1
E/e’ avg105, mean ± SD 8.0 ± 3.0
TRV75 (m/s), mean ± SD 2.3 ± 0.26
TRV75 >2.8 m/s, n (%) 1 (0.0)
e’ <7 cm/s108, n (%) 34 (30.1)
E/e’ >14 cm/s, n (%) 4 (3.5)
LAE108, n (%) 18 (15.9)
Normal diastolic function of LV113, n (%) 103 (91.2)
LVH108, n (%) 19 (16.8)
Number of subjects examined in upper index.
Ao-asc – ascending aorta; e’ – mitral septal annulus early diastolic velocity; 
E/e’ – mitral flow early (E) phase and mitral septal annulus early diastolic 
velocity (e’) ratio; IVSDd – intraventricular septum diastolic diameter; LA – 
left atrial diameter; LAE – left atrial enlargement; LAVI – left atrial volume 
index; LV – left ventricle; LVEDd – left ventricular end-diastolic diameter; 
LVEF – left ventricular ejection fraction; LVH – left ventricular hypertrophy; 
LVMI – left ventricular mass index; RVEDd – right ventricular end-diastolic 
diameter; SD – standard deviation; TRV – tricuspid regurgitant jet velocity.

Tab. 3. Echocardiography

Variable Study group (n = 98)
Peak workload (W), mean ± SD 141.1 ± 50.1
% pred. peak workload (%), mean ± SD 89.1 ± 19.5
AT VO2 (mL/min/kg), mean ± SD 13.6 ± 3.7
% pred. AT VO2 (%), mean ± SD 71.5 ± 12.0
Peak VO2 (mL/min/kg), mean ± SD 19.4 ± 5.2
% pred. peak VO2 (%), mean ± SD 80.5 ± 16.9
RER, mean ± SD 1.13 ± 0.09
Peak O2 pulse (mL/beat), mean ± SD 11.3 ± 2.9
% pred. peak O2 pulse (%), mean ± SD 95.1 ± 20.3
Peak VE/VCO2, mean ± SD 30.8 ± 3.9
VO2/WR (mL/min/W), mean ± SD 9.9 ± 2.4
VE (L/min), mean ± SD 59.1 ± 20.5
HRmax (bpm), mean ± SD 142.6 ± 21.1
HRR (bpm), mean ± SD 25.5 ± 18.7
VE/VCO2 slope, mean ± SD 26.4 ± 3.8
BR <11 L or <15%, n (%) 4 (4.0)
Peak VO2 <22 mL/min/kg, n (%) 55 (56.1)
% pred. peak VO2 <80% of predicted value, n (%) 45 (45.9)
% pred. AT VO2 <40% of predicted value, n (%) 0 (0)
VE/VCO2 slope >34, n (%) 12 (12.2)
VO2/WR <10 mL/min/W, n (%) 57 (58.1)
O2 pulse <85% of predicted value, n (%) 32 (32.6)
HRR <12 bpm, n (%) 23 (23.5)
AT – value at anaerobic threshold; peak – value at peak exercise; % pred. 
peak – percentage of predicted peak value; % pred. AT – percentage 
of predicted value at anaerobic threshold; BR – breathing reserve;  
HRmax – maximal heart rate; HRR – heart rate recovery; RER – respiratory 
exchange ratio; SD – standard deviation; VCO2 – carbon dioxide production; 
VE – ventilation; VO2 – oxygen uptake; WR – work rate.

Tab. 4.  Values of selected CPET parameters measured in the 
study group
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average, with the maximum increase by 72.3 mL; howev-
er, there were also 4 patients whose SV at peak exercise was 
lower than that before exercise (with maximum recorded 
decrease of 7.2 mL). Two exemplary patterns of haemody-
namic response to exercise are presented in Fig. 2. Patient 1 
(with higher peak VO2) was characterised by a progressive 
increase of both SV and HR, whereas patient 2 (with low-
er peak VO2) presented with exercise plateau and even fi-
nal decrease of SV.

6-minute walk test

The mean 6MWTd (n = 102) was 526.7 ± 112.0 m, which 
constituted 105.1 ± 23.3% of the predicted value. A relative-
ly large proportion of patients (37.3%) failed to reach the 
predicted value (Fig. 3).

DISCUSSION

Our findings showed that although a relatively large pro-
portion of patients with AH reported symptoms of exer-
cise intolerance, relatively few of these patients could in fact 
be diagnosed with HFpEF. Exercise capacity varied wide-
ly in our theoretically relatively homogeneous study group. 
A large proportion of patients with uncomplicated AH 
failed to achieve predicted values for the parameters of nor-
mal cardiovascular response to exercise. Moreover, the re-
corded changes in the CPET parameters associated with left 
ventricular function may, in some cases, suggest a signifi-
cantly impaired haemodynamic adaptation to exercise.
Hypertension was generally well controlled in the study 
group. However, there was a high prevalence of metabol-
ic risk factors for cardiovascular disease. The proportion 
of obese patients was high and similar to that reported in oth-
er studies in similar patient populations(3,20,21). There were also 
a number of cases with abnormal levels of fasting blood glu-
cose, total cholesterol and all its fractions. These findings are 
consistent with those of large population studies(3,22), which 
suggests that our study group was representative for the en-
tire population of patients with uncomplicated AH.
Despite the high number of patients with typical HF mani-
festations, considerable occurrence of single factors, includ-
ing echocardiographic abnormalities (LVH 16.8%; LVDD 
8.8%), and elevated NTproBNP levels in one out of five pa-
tients, the co-occurrence of these criteria, which would be 
a basis for diagnosing HFpEF, was found in only 7 patients. 
Reduced exercise capacity, elevated natriuretic peptide 
levels, and the presence of diastolic dysfunction, with no 
grounds to diagnose HFpEF in AH patients, were also re-
ported by others(23–27).
Both the 6MWT and CPET demonstrated a wide range 
of exercise capacity (6MWTd, maximum workload achieved 
during CPET). The values of the individual cardiovascu-
lar function parameters, including peak VO2, also ranged 

Fig. 1.  Histograms: workload at peak exercise expressed as percentage of the predicted peak value (upper) and VO2 at peak exercise expressed 
as percentage of the predicted peak value (lower)
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Variable Study group (n = 98)
Baseline HR (bpm), mean ± SD 77.8 ± 10.7
Peak HR (bpm), mean ± SD 147.2 ± 22.4

Δ HR (bpm), mean ± SD 70.0 ± 22.4
Baseline SV (mL), mean ± SD 83.0 ± 15.3
Peak SV (mL), mean ± SD 110.2 ± 21.8

Δ SV (mL), mean ± SD 27.6 ± 14.8
Baseline CO (L/min), mean ± SD 6.4 ± 1.1
Peak CO (L/min), mean ± SD 15.9 ± 4.2

Δ CO (L/min), mean ± SD 9.7 ± 3.6
Baseline SVR (dyn.s/cm5), mean ± SD 1268.6 ± 232.1
Peak SVR (dyn.s/cm5), mean ± SD 587.4 ± 168.0

Δ SVR (dyn.s/cm5), mean ± SD −675.7 ± 285.4
Baseline – value at rest; peak – value at peak exercise; Δ – difference 
between values at peak exercise and those at rest; CO – cardiac output;  
HR – heart rate; SD – standard deviation; SV – stroke volume;  
SVR – systemic vascular resistance.

Tab. 5.  Values of the selected ICG parameters analysed in the 
study group
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Fig. 2.  Exemplary records of exercise cardioimpedance cardiography (PhysioFlow, Manatec, France) with different patterns of SV change:
1)  patient 1 (left charts): a 56-year-old woman [with resting BP 123/72 mm Hg; peak VO2 21.9 mL/min/kg (115% of predicted value); exercise 

time 12’07’’; LVEF 70%, normal left ventricular diastolic function and myocardial mass] – significant progressive increase of SV (from 
87 mL at rest to 126 mL at peak exercise);

2)  patient 2 (right charts): a 50-year-old woman [with resting BP 121/80 mm Hg; peak VO2 18 mL/min/kg (72% of predicted value); exercise 
time 7’52’’; LVEF 67%, normal left ventricular diastolic function and myocardial mass] – initial increase with final decrease of SV (from 
88 mL at rest, through 100–105 mL plateau between minute 4 and 6 of exercise, to 95 mL at peak exercise)

BP – blood pressure; CO – cardiac output; HR – heart rate; LVEF – left ventricular ejection fraction; SV – stroke volume; VO2 – oxygen 
uptake; exercise period limited by the box

across a wide spectrum. Many patients failed to achieve the 
predicted values for these parameters. There have already 
been reports of an association between AH and low peak 
VO2 values(28). Interestingly, low peak VO2 values were also 
reported in asymptomatic patients with normal exercise ca-
pacity, who exhibited cardiovascular risk factors(29).
The obtained mean values of measured CPET parameters 
place our study group between healthy individuals and 

patients diagnosed with HF. In comparison with the find-
ings by Garcia et al.(30), the VE/VCO2 and HRR values re-
corded in our study were closer to those of healthy indi-
viduals, whereas the O2 pulse and peak VO2 values were 
closer to those of patients with HFpEF. However, our 
finding that the VO2/WR relationship – a parameter in-
dependent of sex, age, height or physical fitness(31) – was 
low in 58% of patients is of note. This may indicate an 
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important role of anaerobic mechanisms in adapting to ex-
ercise, which was observed in patients with cardiovascular 
dysfunction(32). Reduced exercise capacity was also indicat-
ed by a major proportion of patients who failed to reach the 
predicted 6MWTd.
Exercise ICG helped assess the role of individual mech-
anisms in the haemodynamic response to exercise and 
detect differences between populations and changes 
of evaluated parameters over time(18). An increasing ox-
ygen demand typically leads to an increase in HR and 
SV and a decrease in SVR, the purpose of which is to in-
crease CO and tissue perfusion while maintaining ac-
ceptable blood pressure values(32). Our study showed 
that these parameters ranged across a wide spectrum at 
peak exercise. This is consistent with earlier reports(33–38), 
which showed that haemodynamic parameter values de-
pended on patients’ age, sex, fitness level, and – unsur-
prisingly – their clinical status. The mean values of these 
parameters at peak exercise fell to the lower limit of the 
normal range recommended for healthy individuals (peak 
SV 110.2  ±  21.8  mL vs. 100–140  mL and peak CO 
15.9 ± 4.2 L/min vs. 15–25 L/min)(29) and were similar to 
those reported in earlier studies(39,40). In comparison to the 
findings reported by Fukuda et al.(38) the changes in hae-
modynamic parameters (HR, CO) observed in our study 
group were comparable with those in patients with un-
complicated AH; moreover, the increase in SV observed 
in our study group was comparable to that reported by 
Fukuda in patients with HFpEF. It is noteworthy that 
in our study there were patients whose SV at peak exer-
cise was lower than the resting value.
These abnormalities are most likely due to subclinical com-
plications of AH. High blood pressure leads to detrimen-
tal arterial and myocardial remodelling, which contrib-
utes to the development of haemodynamic disturbances. 
Arterial stiffness may be either a result of vascular adapta-
tion to non-physiological haemodynamic conditions or the 
primary cause of hypertension(41). A long-term adaptation 

of the myocardium to an increased afterload may lead to 
LVH and LVDD(42,43). Initially, an abnormal relaxation pat-
tern and elevated filling pressure of the left ventricle may 
occur only during exercise; however, symptomatic HF –
which is associated with both functional and structural left 
ventricular wall stiffness – develops over time(42). In such 
cases, if the potential of CO to increase by an increase in SV 
is limited, the effect is detrimental, as the only mechanism 
of adapting to the increasing cardiac load would be an in-
crease in HR.

CLINICAL IMPLICATIONS

The coexistence of a subjective reduction in exercise toler-
ance, objective decline in exercise capacity, and abnormal 
haemodynamic response to exercise in patients with AH 
requires further studies aiming to determine the mutual re-
lationship of these phenomena and their association with 
cardiovascular risk. ICG may be a valuable complement to 
CPET. Additionally, it can help identify abnormal ventricu-
lar-arterial coupling, which may be associated with the re-
ported symptoms.

LIMITATIONS

We are aware that the small sample size is a limitation 
of the study. Therefore, the invasive haemodynamic as-
sessment (heart catheterisation) was not performed, and 
we cannot definitively exclude pulmonary hypertension 
and preload failure related to impaired venous return to 
the left atrium(10). However, echocardiography results were 
not suggestive of significantly increased pulmonary pres-
sures. Another limitation is that we did not perform diag-
nosis to exclude asymptomatic ischaemic heart artery dis-
ease, such as myocardial scintigraphy or coronarography, 
in all subjects. However, no signs and symptoms suggesting 
cardiac ischaemia, such as LV wall motion abnormalities, 
electrocardiogram findings, were noted. Our study com-
prised mostly middle-aged hypertensives without any oth-
er serious comorbidities and our results should not be ex-
trapolated to the general population. On the other hand, the 
strength of our results is that we recruited subjects without 
other serious chronic diseases, including those taken into 
account in the differentiation of dyspnoea.

CONCLUSIONS

Although symptoms of reduced exercise tolerance as well as 
abnormal results of objective exercise capacity assessments 
are common in patients with uncomplicated AH, a very 
small proportion of these patients meet the current criteria 
for being diagnosed with HF. The experience from this study 
suggests that ICG may reveal impaired haemodynamic adap-
tation to exercise. The clinical value of this method in iden-
tifying pathophysiological substrate for exercise intolerance 
and its prognostic value should be further investigated.

Fig. 3.  Histogram of the distance covered during the 6MWT ex-
pressed as percentage of the predicted distance
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Summary Table
What is known about the topic What this study adds
1.  The knowledge 

about differences 
in exercise tolerance and 
haemodynamic response 
to exercise in patients 
with uncomplicated atrial 
hypertension is still limited

1.  A very small proportion (6.2%) of patients 
with uncomplicated hypertension meet 
the criteria for being diagnosed with 
heart failure, however, the symptoms 
of impaired exercise in those patients are 
quite common (50%)

2.  A large proportion of patients with 
uncomplicated hypertension (45.9%) 
demonstrated objective evidence (with 
CPET and 6MWT) of reduced exercise 
capacity

3.  ICG revealed individual differences 
in haemodynamic response to exercise, 
including abnormal changes in stroke 
volume at the middle and final stage 
of exercise (plateau and even decrease) 
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