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Oxygen uptake (V0,) kinetics are prolonged in patients with chronic
heart failure (CHF). This may be caused by impaired oxygen delivery or
skeletal muscle derangements. We investigated whether impaired cardiac
output (Q) kinetics limit skeletal muscle oxygen delivery relative to the
metabolic demands at submaximal exercise in CHF patients by evaluat-
ing the relation between Q kinetics and skeletal muscle deoxygenation.
Forty-three CHF patients, NYHA II-III, performed a constant-load exer-
cise test at 80% of the ventilatory aerobic threshold (VAT) to assess VO,
kinetics (TV02). Q kinetics (7Q) were assessed by a radial artery pulse
contour analysis method. Skeletal muscle deoxygenation was assessed by
near infrared spectroscopy at the m. vastus lateralis, using the minimal
value of the tissue saturation index during onset of exercise (TSInin).
Patients were categorized in slow and normal Q responders relative to
metabolic demands (TQ/Vo, =1 and 1Q/Vo, <1, respectively), 1Q
(62 = 29 ), and TV02 (60 £ 21 s) were significantly related (r = 0.66,
P = 0.001). There was a significant correlation between 7Q and TSIiin
in the slow Q responders [r,= —0.57, P = 0.005, n = 22 (51%)]. In
conclusion, in moderately impaired CHF patients with relatively slow Q
kinetics, central hemodynamics may limit skeletal muscle oxygenation
during moderate-intensity exercise.

chronic heart failure; oxygen uptake kinetics; cardiac output kinetics;
skeletal muscle oxygenation

NEW & NOTEWORTHY

This study extends current understanding of limitations of
oxygen uptake kinetics during moderate exercise in patients
with chronic heart failure (CHF) by using simultaneous mea-
surements of cardiac output, skeletal muscle oxygenation, and
pulmonary oxygen uptake. In our study, half of the patients
showed slow Q kinetics relative to the metabolic demands. In
this group, Q kinetics were related to the degree of skeletal
muscle deoxygenation, suggesting that central hemodynamics
may limit submaximal exercise performance in a substantial
subset of moderately impaired CHF patients.

PATIENTS WITH CHRONIC HEART failure (CHF) suffer from fatigue
and impaired exercise tolerance. These symptoms are particu-
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larly experienced during daily life, which mainly consists of
repetitive submaximal activities. Previous studies in CHF pa-
tients have indeed shown that oxygen uptake kinetics are
prolonged, compared with healthy individuals (19, 39). There-
fore, assessment of oxygen uptake kinetics as a measure for
submaximal exercise is particularly indicative of the functional
capacity and prognosis of CHF patients (38).

From a clinical point of view, detailed knowledge on the
pathophysiological mechanisms underlying impairments of
submaximal oxygen uptake kinetics in individual CHF patients
is important for tailoring of treatments and for development of
new therapeutic strategies. Currently, however, there is still an
on going debate whether oxygen uptake kinetics in CHF are
primarily limited by central and/or microvascular oxygen de-
livery or intrinsic oxidative capacity of the skeletal muscle (34,
35). Whereas some studies showed that the inability to increase
oxygen uptake during submaximal exercise was related to an
impaired cardiac output (Q) response (19, 25, 29), other studies
found an impaired skeletal muscle function to be related to the
reduced submaximal exercise capacity (6, 16). A possible
explanation for these seemingly conflicting results may be that
central and peripheral measurements were not performed si-
multaneously in these studies, making it difficult to distinguish
the main limiting factor. Another explanation may be that
physiological heterogeneity exists between different CHF sub-
groups. Recent animal studies showed that submaximal exer-
cise capacity is only limited by oxygen delivery when micro-
vascular oxygen pressure (Pmvo,) during exercise falls below
a critical level at which oxygen diffusion into the myocyte
becomes impaired (4, 11). Computer modeling studies of
oxygen uptake dynamics revealed that such a “critical” Pmvo,
level was reached only when the rate of increase in muscle
blood flow is slowed to a greater extent than the rate of increase
in muscle metabolic demand (1, 2, 5). Currently, it is not
feasible to directly assess Pmvp, in humans. However, near
infrared spectroscopy (NIRS), a technique using near infrared
light to assess changes in tissue oxygenation, was shown to be
a useful alternative to study exercise-induced changes of mus-
cle oxygenation in humans (13) and may therefore be a
valuable tool to study pathophysiological mechanisms of im-
paired oxygen uptake kinetics (39).

In CHF patients, the role of central hemodynamics in rela-
tion to oxygen delivery to utilization (mis)matching in skeletal
muscles during moderate-intensity exercise (i.e., an exercise
intensity that is indicative of regular daily activities) has yet to
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be elucidated. Therefore, this study aimed to investigate
whether the rate of increase in cardiac output during moderate
exercise is related to the degree of skeletal muscle deoxygen-
ation in patients with CHF. Based on the results of previous
animal and computer modeling studies we hypothesized that in
CHF patients with a relatively slow increase in cardiac output
relative to the metabolic demands, i.e., poor matching of Q and
Vo,, central hemodynamics have a more profound influence on
skeletal muscle deoxygenation.

METHODS
Subjects

Forty-three patients with CHF were recruited from our outpatient
clinic from March 2012 until April 2014. Subject characteristics are
listed in Table 1. Criteria for eligibility were stable systolic heart
failure attributed to either dilated cardiomyopathy or ischemic heart
disease due to myocardial infarction, New York Heart Association
(NYHA) functional Class II or III (without change in class or
medication =3 mo before inclusion), and left ventricular ejection
fraction =40% (assessed by echocardiography or cardiac MRI max-
imal 2 mo before inclusion). Exclusion criteria were recent myocar-
dial infarction (=3 mo prior); angina pectoris at rest; clinical signs of
decompensated heart failure; pulmonary, neurological, or orthopedic
disease limiting the ability to exercise; and a history and/or clinical
signs of peripheral vascular disease.

The study protocol was approved by the local Research Ethics
Committee of Maxima Medical Centre, Veldhoven, The Netherlands.
The study was conducted according to the Helsinki Declaration and
all participants provided written and signed informed consent.

Exercise Testing

Exercise testing was performed in an upright seated position on an
electromagnetically braked cycle ergometer (Lode Corrival; Lode,
Groningen, The Netherlands). A 12-lead electrocardiogram (ECG)
was registered continuously. Patients were instructed to maintain a
pedaling frequency of 70 rotations per minute (RPM) during all
exercise phases.

Maximal exercise testing was used to determine the workload for
the submaximal exercise test. This test was performed at least 1 day
before the submaximal test. It consisted of a symptom-limited test
using an individualized ramp protocol aiming at total test duration of

Table 1. comparison of patient and disease characteristics
between slow Q and normal Q responders

Slow Q Normal Q

Responder Responder
(n =22) (n =21) P
Age, yr 66 = 11 64 £6 NS
Age category (<60/60-70/>70 yr) 6/6/10 4/13/4 NS
Gender (male/female) 18/4 18/3 NS
Etiology (ICM/DCM) 13/9 11/9 NS
Duration of heart failure, mo 44 + 46 64 = 64 NS
NYHA class (II/IIT) 9/13 13/8 NS
Weber class (A/B/C/D) 6/8/7/1 9/8/4/0 NS
LVEF, % 31 £10 28 £ 12 NS
3-Blocker (n) 20 19 NS
ACE/ARB (n) 21 21 NS
Peak Voo, ml-min~'-kg ™! 17.7 = 6.1 205+ 6 NS
Peak Q, I/min 109 £ 4.7 11.1 £39 NS

Values are presented as mean * SD or number. ICM, ischemic cardiomy-
opathy; DCM, dilated cardiomyopathy; BMI, body mass index; NYHA, New
York Heart Association; LVEF, left ventricular ejection fraction, ACE angio-
tensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker;
Vo,, oxygen uptake; Q, cardiac output.

8—12 min. The test was preceded by 4 min of unloaded pedaling and
was ended when the patient was not able to maintain the required
pedaling frequency. Peak workload was defined as the final registered
workload.

Submaximal exercise testing commenced with a 2-min resting
period, passively maintaining the right leg in a fixed position, fol-
lowed by a 6-min bout at 80% of the workload corresponding to the
ventilatory aerobic threshold (VAT), achieved during the maximal
exercise test. Thereafter, there was a 5-min recovery phase with the
same fixed leg position as during the resting period.

During the tests ventilatory parameters were measured breath-by-
breath (ZAN 680 USB; ZAN Messgerite, Oberthulba, Germany) and
were averaged over 10-s intervals after removal of outliers (values >3
SD from the local mean) (26). Volume and gas analyzers were
calibrated before each test. VO, peak and peak respiratory exchange
ratio (RER) were defined as the final 30-s averaged value of the
maximal exercise test. VAT was assessed by the V-slope method (3).

Central Hemodynamics

Assessment of cardiac output (Q) was performed by a radial artery
pulse contour analysis method (LiDCO, London, UK). This technique
determines beat-to-beat changes in central hemodynamics by calcu-
lating nominal stroke volume (SV) from a pressure-volume transfor-
mation of the radial artery pressure waveform.

Before the exercise test, a 20-gauge arterial catheter was inserted
into the radial artery. The radial artery catheter was connected to the
LiDCO plus monitor. To convert nominal to absolute Q, the system
was calibrated at rest in supine position by echocardiography (Philips
CX50, handheld). Resting Q was calculated by assessing the product
of heart rate and SV. SV was determined by the product of the
cross-sectional area and the velocity time integral of the left ventric-
ular outflow tract (27). After the calibration procedure, patients were
positioned upright on the cycle ergometer and the exercise protocol
was started. Data were sampled beat-by-beat and stored offline for
analysis. Outliers were removed using a moving average filter with a
window of 11 data points (Python 2.7; Python Software Foundation).

Previous studies showed that radial artery pulse contour analysis is
a reproducible and accurate method for assessment of cardiac output
(Q) under a variety of physiological conditions (17, 20). In particular,
we showed, using the Fick method as a reference, that this technique
is highly accurate for continuous assessment of Q during maximal and
submaximal exercise testing in CHF patients (20).

Skeletal Muscle (De-)Oxygenation

In the present study, NIRS measurements were performed using a
portable continuous wave near-infrared spectrophotometer (Porta-
mon; Artinis, Elst, The Netherlands). This technique is based on the
modified Lambert-Beer law and is able to distinguish between oxy-
genated (O.Hb) and deoxygenated hemoglobin (HHb) by measuring
the absorption of emitted light at two different wavelengths (760 nm
for HHb and 841 nm for O,Hb). With the application of spatially
resolved spectroscopy, the tissue saturation index (TSI) was used to
estimate absolute values of skeletal muscle deoxygenation during
constant load exercise (see also section data analysis). TSI equals
the ratio of oxygenated hemoglobin (O,Hb) divided by total Hb
(tHb) and is expressed as a percentage. The theoretical principles
and clinical utility of the measurement technique have been de-
scribed elsewhere (13).

The probe was connected to the right thigh with adhesive tape and
kept in place by an elastic strap. It was located at 20 cm proximally
from the lateral patellar edge over the centre of the m. vastus lateralis.
A dark cloth impeded ambient light. Data were sampled at 10 Hz and
stored for offline analysis. Before the test, the skinfold thickness at the
site of NIRS was measured with a skinfold caliper (Harpenden; Baty
International, West Sussex, UK). The thickness of the measured
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double skinfold was divided by two to obtain an estimate of the
adipose tissue thickness.

Data Analysis

Kinetic analysis. The reproducibility and reliability of analysis of
kinetics of Vo, and Q during onset of the constant-load tests were
reported previously (19, 21). First, all data were resampled into 10-s
intervals. Considering exercise onset, the first 20 s of the Vo, data set
were omitted, as it is generally accepted that during this period
(cardiodynamic phase) the increase in Vo, reflects merely an increase
in pulmonary blood flow, rather than changes in tissue gas exchange.
To calculate time constants of onset of Vo, and Q a nonlinear least
squares regression procedure (Python 2.7; Python Software Founda-
tion) was applied to the onset phase, using the following formula:

Td) / T)

where Y is Vo, or Q, A is the amplitude during exercise onset, 7q is
time delay (s), and T is time constant (s). The “goodness of fit” was
determined by the coefficient of determination (R2).

TSI values. In a previous study, we demonstrated that absolute
values of TSI showed better relative reliability compared with kinetic
values. As such, absolute TSI values (described below) may be more
appropriate for determining physiological differences between pa-
tients (32). Absolute baseline values of TSI were defined as the
average values during the last minute of the resting period, and end
exercise values as the average values during the last minute of
exercise (TSlendexercise). The minimal value of TSI (TSlnin) was
defined as the lowest 5-s averaged value during the initial decay. The
amplitude of TSI (TSI.mp) was defined as TSI baseline minus TSIin.
Figure 1 shows an example of calculation and fitting of absolute and
kinetic parameters for Q, Vo,, and TSL

Q response relative to metabolic demand. Patients were catego-
rized in two groups: patients with a relatively slow increase in cardiac
output relative to the metabolic demands (ratio of ’TQ/VOz 1, slow Q
responders) and normal 0 responders (ratio of TQ/Vo, <1). From a
physiological point of view, a ratio exceeding 1 reflects poor matching
of oxygen delivery and consumption, which necessitates greater
fractional oxygen extraction to sustain a given metabolic rate (4, 10).

Statistical analysis. All data were analyzed using SPSS 19.0.0
statistical software (SPSS, Chicago, IL). Results are presented as
mean value = SD or numbers (n). Distribution of data was checked
for normality by skewness and kurtosis. The independent #-test was
used for unpaired observations. Differences between categorical data
were assessed by the x>-test. Relations between variables were as-
sessed by Pearson correlation coefficient for normal distributed data
and Spearmans rho (r;) for not normal distributed data. For all
statistical comparisons the level of significance was set at P < 0.05.

Y(r) = Ypaseline +A X (1 —e— (t -

RESULTS

All 43 patients successfully performed both maximal and
submaximal exercise tests without any untoward events. Mean
peak Vo, was 19.1 = 6 ml-min~'kg~', mean peak Q was
11 £ 4.3 I/min, and mean peak workload corresponded to
127 = 54 W.

Table 2 shows the results of the submaximal exercise test.
The mean workload for slow Q responders was 53 * 24 W and
for normal Q responders 57 £ 23 W This was at, respectively,
41% (=8) and 47% (=11%) of the maximal achieved work-
load. The mean coefficient of determination (R?) of Vo, onset
kinetics was 0.87 (*0.11) and 0.80 (£0.20) for Q onset
kinetics. The time constant of Voz (TVoz) was significantly
correlated with the time constant of Q (1Q) (r = 0.66, P <
0.0001).

Spee RF et al.

12 T T
: T g SRS
] R A ik 1 ~9)
9 "\./l'v
- A
8 4 i
= L
S 1
3 51 i I
o €
4 ‘v*{ -
2+ i
0 - | |
100 200 300 400
Time [s]
1.2 | F— T T
1.0 | Tvo Rt - ._....-.-..“_,.'.__..-."3._
: ;v =
: ¢
5 : ’ =
= 0.8 : p
E A
3 06} P .
S ]
> 04 ]
0.2 | E
0'0 Il ' 1 L
100 200 300 400
Time [s]
70 L T T
Baseline 3,
65 | A i
60 I 1 .
% ss | ll Amplitude |
wn |
= . ‘
50 | 1 End-Exercise .|
A T
45 L R 9 T sl .
: Minimum
40 L I 1
100 200 300 400
Time [s]

Fig. 1. Example of oxygen uptake (Vo,), cardiac output (Q), and skeletal
muscle deoxygenation (TSI) response at the onset of submaximal exercise.
Measured study parameters are as shown.

Patient and Disease Characteristics Between Slow and
Normal Q Responders

Table 1 represents a comparison between slow and normal Q
responders. No statistical differences in disease characteristics
as for instance etiology, duration of heart failure, NYHA,
Weber class, presence of ischemia, mitral regurgitation, or
dyssynchrony were observed. The median duration of CHF in
slow Q responders was 37 mo (range 4—192), while in normal
Q responders the median duration of CHF was 18 mo (range
3—130). This was not statistical significant. The use of 3-block-
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Table 2. Comparison of submaximal exercise data of oxygen
uptake, cardiac output, and skeletal muscle (de-)oxygenation
between slow Q and fast Q responders

Slow Q Normal Q
Responder Responder
(n=22) (n =21 P
Q. s 76 = 24 47 =27 0.01
V02, s 56 = 19 63 =23 NS
Vo> baseline, ml/min 337 =85 341 = 77 NS
Voo steady state, ml/min 1,080 + 334 1,228 + 309 NS
Q baseline, I/min 43+13 3.8+1.2 NS
Q steady state, I/min 8.0 =27 79 +28 NS
TSIy, % 675 676 NS
TSInin, % 60 = 7.6 58 = 10 NS
TSIendexercise, % 63 + 60 62 + 77 NS
TSLamp, % 72*+50 8459 NS

Values are presented as mean = SD. Q, cardiac output; Vog, oxygen uptake;
tau, time constant; TSIy, baseline value of tissue saturation index (TSI);
TSIiin, minimal value of TSI; TSlendexercise; TSI value at end of exercise;
TSLimp, amplitude of the TSI response between the baseline and minimal
value.

ers and ACE inhibitors/angiotensin II receptor blocker was
similar in both groups.

Relationship Between Cardiac Output and Muscle
Deoxygenation

There were no statistical significant correlations between
TSI parameters and TVo; or 1Q. Twenty-two (51%) patients
were categorized as slow Q responders (TQ/TVo, >1) and 21
patients (49%) as normal Q responders (TQ/TVo, <1).

Figure 2, A and B, shows the relation between 1Q and the
minimal attained value of TSI. In slow Q responders, both
TSImin and TSI.mp were significantly correlated to TQ (respec-
tively, re= —0.57, P < 0.005 and r = 0.44, P = 0.04), while
no significant correlations were observed in normal Q respond-
ers (rs = 0.15, P = 0.52 and ry = 0.09, P = 0.7 respectively).
The absolute values of TSI parameters did not differ statisti-
cally in both groups (Table 2).

DISCUSSION

This study showed that in moderately impaired CHF patients
with a slow cardiac output increase relative to the increase in
whole body oxygen uptake (i.e., poor matching of Q and Vo,),
slower cardiac output kinetics were related to a higher degree
of skeletal muscle deoxygenation during moderate-intensity
exercise. In contrast, cardiac output kinetics were not related to
the degree of skeletal muscle deoxygenation in patients with
relative fast cardiac output kinetics. These findings suggest
heterogeneity in the pathophysiological determinants of de-
layed oxygen uptake kinetics of CHF patients. This different
response could not be predicted by patient or disease charac-
teristics such as age, etiology, NYHA class, or medication use.

The lack of correlation between the amount of skeletal
muscle deoxygenation and cardiac output kinetics in relative
fast Q responders suggests that the ability to increase cardiac
output is not necessarily the main determinant of the amount of
deoxygenation in exercising skeletal muscles. These results
seem to be in contrast with the findings of Sperandio et al. (39),
who observed a high correlation between the kinetics of car-
diac output and microvascular blood flow. This discrepancy

could be explained by several factors. First, substantially
higher exercise intensity was used, which may have compro-
mised blood flow to exercising muscles to a greater extent,
resulting in a more pronounced discrepancy between micro-
vascular oxygen delivery and the metabolic demands. These
findings are in line with an earlier study by Sullivan et al. (41),
showing that, compared with healthy individuals, exercising
leg blood flow in CHF patients was reduced, relatively more at
maximal compared with submaximal exercise. Second, our
study population has a considerable higher maximal exercise
capacity at baseline (VOypeak 19.1 = 6 vs. 15.1 £ 2.8
ml-min~ kg~ '). It is known from animal studies that severe
heart failure is associated with an impaired skeletal muscle
oxygenation (10, 11). Therefore, this baseline difference in
exercise capacity may limit comparison of both studies. Third,
methodological differences may have played a role. For in-
stance, HHb was measured, compared with TSI in our study, to
assess skeletal muscle deoxygenation. Although the optimal
assessment parameter is still under debate (18, 36), a major
concern of using HHb to assess changes in skeletal muscle
oxygenation is that it is less sensitive to exercise-induced
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Fig. 2. A and B: relationship between the rate of increase in cardiac output (TQ)
and the minimal value of skeletal muscle deoxygenation (TSImin) in slow Q
responders (1Q/TV02 >1) (A) and normal Q responders (TQ/TVo2 <1) (B).
rs = Spearmans correlation coefficient; P = level of significance.
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hyperemia than TSI (22). Also, the NIRS technique used by
Sperandio et al. (7) did not permit assessment of absolute
values. Yet, it was shown recently that the use of relative
concentrations of HHb resulted in exaggerated deoxygenation
responses compared with using absolute values. In addition,
kinetic analysis may be less suitable to assess exercising
skeletal deoxygenation in CHF patients than evaluation of
absolute values (32). Finally, Barbosa et al. (1) showed that
monoexponential fitting may be inadequate to characterize
deoxygenation onset kinetics in the presence of an overshoot,
which is frequently present in CHF patients.

From a physiological point of view, the lack of correlation
between the rate of cardiac output increase and skeletal muscle
deoxygenation in the moderate-intensity domain in normal Q
responders may have different explanations. First, the impaired
oxygen uptake kinetics may be primarily determined by a
reduced ability to utilize oxygen. This view is supported by a
study in isolated canine gastrocnemius muscle preparations
showing that improvement in oxygen delivery did not result in
faster oxygen uptake kinetics (14). Although human studies in
CHF patients using this approach are not available, numerous
studies demonstrated intrinsical skeletal muscle abnormalities
(e.g., decreased oxidative enzymes and mitochondria), suggest-
ing that skeletal muscle myopathy plays a major role in the
reduced exercise capacity (9, 12, 28, 40). A second explanation
may be that changes in microvascular blood flow and cardiac
output during moderate exercise are not directly related. Al-
though previous studies in CHF patients demonstrated a clear
relation between exercise-induced changes in cardiac output
and leg blood flow (41, 43), studies investigating the relation
between leg blood flow and microvascular blood flow in
exercising muscles in CHF patients are scarce. Theoretically,
several factors may constrain microvascular muscle blood flow
in CHF patients, including mechanical (e.g., vascular stiffness,
decreased perfusion pressure), neurohumoral (e.g., increased
levels of endothelin, angiotensin and catecholamines), and
inflammatory factors (e.g., TNF-q, reactive oxygen species). In
a study, in healthy humans it was shown that the onset kinetics
of femoral leg blood flow were faster than microvascular blood
flow, suggesting that leg blood flow in conduit arteries may not
be a representative of microvascular blood flow (15). In addi-
tion, both animal and human studies demonstrated heteroge-
neity in blood flow responses within and between skeletal
muscles (31, 37). Yet, the fact that we did observe a significant
correlation between the amount of deoxygenation and the
prolonged cardiac output response in slow Q responders would
argue against a complete uncoupling between central and
microvascular blood flow.

The most important finding of this study is that, in contrast to
patients with a normal increase in cardiac output relative to the
metabolic demands, we did observe a significant correlation
between the rate of increase in cardiac output and the amount of
skeletal muscle deoxygenation (TSI,) in patients with poor
matching of Q and Vo, kinetics. This finding confirms our
hypothesis and suggests that in these patients the delayed
increase in cardiac output induces a compensatory increase in
skeletal muscular oxygen extraction. This concept was dem-
onstrated before in an animal study (4). Whether our findings
reflect an actual central hemodynamic limitation of oxygen
uptake kinetics is difficult to establish from our data since the
critical level of TSI below which the blood-myocyte O, flux

compromises mitochondrial control is currently not known
(24). Moreover, TSI is a surrogate for Pmvo, and it is not clear
if it represents absolute values of Pmvo, Nevertheless, our
results indicate that in a subset of relatively young, well-treated
patients with moderately impaired exercise capacity, the car-
diac output response may be a limiting factor, even during
moderate-intensity exercise. Although this does not detract the
fact that treatment strategies aiming at improvement of daily
exercise performance should be directed at improving the
skeletal muscle metabolic capacity (e.g., the intra-\myocyte
milieu, mitochondrial mass, etc.), these findings suggest that
improving the “central pump” in CHF patients should also be
an important treatment goal. Clinical predictors of pathophys-
iological limitations to exercise capacity might be useful for
customizing care and thereby improving the response to treat-
ment (8, 42). In the present study, however, we did not find an
association between disease and demographic characteristics
and the rate of increase in cardiac output. Yet, in a previous
animal study, it was shown that more severe heart failure was
associated with a more pronounced skeletal muscle deoxygen-
ation (11). Since we evaluated moderately impaired CHF
patients (V02 peak 19.1 = 6 ml-min~"kg™'), future studies
evaluating clinical predictors of pathophysiological limitations
to exercise should also include CHF patients with lower exer-
cise capacities.

Limitations

Before drawing definite conclusions from this study,
some limitations should be acknowledged. First, the sample
size was too low to draw definite conclusions on clinical and
disease predictors for the heterogeneity in submaximal ex-
ercise capacity.

Our patients resembled a “typical” CHF study population of
predominantly moderately impaired, middle aged men. Whether
our results can be extrapolated to an older population, women, or
more severely impaired patients remains to be determined. A
second limitation concerns the performance of one submaximal
exercise bout. More repeats are definitely needed in case of a
low number of study participants (e.g., n < 10) and when
individual patients are evaluated. However, in this rather larger
group of CHF patients the influence of bout-to-bout variability
will likely not influence between group analysis to a large
degree. In addition, in clinical practice, multiple bouts would
be time consuming and costly, which hampers implementation
of submaximal exercise testing.

The third limitation would be the application of NIRS.
Although we standardized the location of the NIRS sensors at
the m. vastus lateralis, TSI responses may have been influenced
by different muscle fiber type distribution under the area of
investigation between subjects as type II fiber differ in their
deoxygenation response from type I (30). Also, capillary re-
cruitment patterns in the skeletal muscle at the onset of exer-
cise may have varied between subjects (23, 24). These factors
may have contributed to the differences seen in the relationship
between TQ and TSI amplitude.

Finally, the pulse contour wave analysis method, used in our
study to assess cardiac output kinetics, should be used with
caution in patients with an important aortic regurgitation. This
may overestimate absolute values. However, this did not apply
to our study, as there were no patients with severe aortic
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regurgitation (determined with echocardiography or MRI). In
addition, the morphology of the arterial waveform may be
altered by damping or other technical errors. Although studies
do not report measurement error as a result of this phenome-
non, this may be a source of error in any form of pulse contour
analysis. Because cardiac output is estimated every cardiac
cycle, atrial fibrillation may result in irregular data output;
however, as data were filtered with a moving average filter, this
did not result in exclusion of data (33). Moreover, we showed
in a previous study that this method is an accurate measure-
ment for stroke volume with low variability compared with the
direct Fick method in CHF patients in the moderate-intensity
domain (20).

Conclusion

The present study demonstrated a slow cardiac output in-
crease relative to the increase in whole body oxygen uptake
during moderate-intensity exercise in a substantial subset of
moderately impaired CHF patients. In this group, cardiac
output kinetics were related to the amount of skeletal muscle
deoxygenation, suggesting that central hemodynamics may
limit muscle oxygenation during moderate-intensity exercise in
these patients.
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