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Abstract

Background—In patients with left ventricular systolic dysfunction (LVSD), the rate at which
oxygen uptake (VO,) increases upon initiation of exercise is inadequate to match metabolic
demands. To gain mechanistic insights into delayed VO, kinetics in LVSD we simultaneously
assessed hemodynamic measurements, ventilatory parameters, and peripheral oxygen utilization
during exercise.

Methods and Results—42 patients with symptomatic LVSD (age 5942 years [mean+SEM],
LV ejection fraction (LVEF) 30+1%) and 17 controls (LVEF 68+1%) underwent maximum upright
cycle ergometry cardiopulmonary exercise testing (CPET). Hemodynamic monitoring and first-
pass radionuclide ventriculography were performed at rest and during exercise. VO Kinetics were
quantified by mean response time (MRT), which was significantly longer in patients with LVSD
compared to controls (64+3 vs. 4545 seconds (s), p =0.004). In LVSD patients, MRT was
associated with higher biventricular filling pressures and reduced cardiac output during early
exercise. LVSD patients with MRT=60s, compared to LVSD subjects with MRT<60s,
demonstrated greater impairment in right ventricular-pulmonary vascular (RV-PV) function during
exercise as evidenced by lower RVEF (35£2 vs. 45+2%, p=0.03), steeper increment in trans-
pulmonary gradient relative to cardiac output (3.7 vs. 2.2, p<0.001), and increased ventilatory
dead-space fraction (17£1 vs. 12+2%, p=0.03). In contrast, MRT was not associated with LVEF
(rest, exercise), PaO,, hemoglobin, or resting pulmonary function test results.
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Conclusions—Delayed oxygen uptake upon initiation of exercise (i.e. MRT =60s) in LVSD is
closely related to impaired RV-PV function and may represent an important surrogate for inability
to augment RV performance during physical activity in patients with HF.

Keywords
exercise physiology; exercise testing; heart failure

Exercise intolerance is a cardinal manifestation of heart failure (HF). HF patients with left
ventricular systolic dysfunction (LVSD) have decreased maximal exercise capacity as
measured by peak oxygen uptake (VO,) as well as impaired adaptations to and recovery
from submaximal levels of exercise.13 At the onset of exercise, oxygen delivery to
exercising skeletal muscle must increase in order to maintain cellular homeostasis. The
cumulative difference between steady-state oxygen consumption during constant work
exercise and actual oxygen uptake from rest until steady-state is referred to as the oxygen
deficit (Figure 1).1: 4 The rate at which VO, reaches steady-state is characterized by the
mean response time (MRT), which is the exponential time constant of VO, rise and
approximates the time needed to reach 63% of steady-state VO,.1: 6

Prolonged MRT in patients with LVSD has been independently linked to NYHA HF class’
as well as neurohormonal activation,® and may be more relevant than peak VO, to symptoms
elicited during activities of daily living.% @ In addition, prolonged MRT during early exercise
is an independent risk factor for HF mortality and hospitalization.10: 11

Despite the growing recognition of the clinical importance of prolonged MRT in patients
with LVSD, its mechanistic basis remains unclear. Previous studies have suggested that
impaired cardiac performance and abnormal peripheral oxygen utilization contribute to
prolonged MRT, though simultaneous central cardiac and peripheral assessments during
exercise have not been performed.2 6:12-16 | addition, despite the increasingly recognized
role of right ventricular-pulmonary vascular (RV-PV) function in exercise limitation in
LVSD,17 the extent to which pulmonary perfusion and RV function are related to MRT
remains unknown.

In this study, we hypothesized that slowed VO, kinetics in LVSD, reflected by a prolonged
MRT, were related to an impaired central hemodynamic response during early exercise and,
more specifically, to abnormalities in RV-PV function. We therefore sought to determine
whether MRT, derived during submaximum exercise, may be a surrogate for impaired RV-
PV function in HF. We performed simultaneous assessment of hemodynamic function (i.e.
cardiac output and biventricular filling pressures), peripheral muscle oxygen extraction,
arterial blood gases, and ventilatory parameters at rest and during submaximal exercise in
both HF and control subjects. To further assess abnormalities in RV-PV reserve function, we
focused on examination of pressure-flow relationships during early exercise.
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Methods

Patient Population and Study Design

Consecutive patients who underwent cardiopulmonary exercise testing (CPET) with invasive
hemodynamic monitoring at Massachusetts General Hospital, had LV ejection fraction
(LVEF) < 40%, and chronic NYHA class 11-1V symptoms despite standard therapy were
included in the study population. Exclusion criteria consisted of: 1) incomplete pulmonary
arterial catheter pressure measurements; 2) documented intracardiac shunting; 3) steady
state exercise of less than 3 min duration or marked oscillatory breathing; or 4) the presence
of a pulmonary mechanical limitation to exercise as defined by Vg/(forced expiratory
volume in 1 second [FEV4] x 35) > 0.7 at the anaerobic threshold.® Controls consisted of
subjects referred for CPET to evaluate dyspnea on exertion during the same period of time
as the LVSD group. Controls were required to have normal LV function and normal exercise
capacity as reflected by a peak VO, greater than 80% of that predicted on the basis of age,
gender, and height.1° Subjects meeting these inclusion criteria who were similar in age to the
LVSD subjects composed the control cohort.

Cardiopulmonary Exercise Testing

All patients underwent placement of a pulmonary arterial catheter via the internal jugular
vein and placement of a systemic arterial catheter via the radial artery. First-pass
radionuclide ventriculography of both ventricles was performed immediately prior to cycle
ergometry testing and during the last minute of symptom-limited exercise, as previously
described.20 Subjects then underwent maximum incremental upright cycle ergometry CPET
(5-15 Watt/min continuous ramp after an initial 3 minute period of unloaded exercise,
MedGraphics, St. Paul, MN) with simultaneous hemodynamic monitoring (Witt Biomedical
Inc, Melbourne, FL) as previously described.2%: 21 Right atrial pressure (RAP), pulmonary
arterial pressure (PAP), pulmonary capillary wedge pressure (PCWP), and mean systemic
arterial pressure (MAP) were measured in the upright position, at end-expiration, while
patients were seated on the cycle, at rest, and at one-minute intervals during exercise. Fick
cardiac outputs (CO) were also determined at one minute intervals throughout exercise by
measuring VO and simultaneous radial arterial and pulmonary arterial oxygen content to
calculate the arteriovenous O, difference (C[a—Vv]O5). Peak VO, was defined as the highest
O, uptake, averaged over 30 seconds (s), during the last minute of symptom-limited
exercise, as previously described.2!

Mean Response Time

VO, kinetics were assessed during three minutes of unloaded exercise within the exercise
protocol described above. The first three minutes were selected for derivation of oxygen
Kinetics given previous reports indicating that steady-state is achieved for low-to-moderate-
work load exercise at approximately three minutes.l: 22-24 As previously reported, oxygen
deficit was defined as [t* A VO, — X VO,], where t was time from rest to steady-state (i.e.
180 s), AVO, was difference between resting and steady-state VO, (median highest 30 s in
last minute of unloaded exercise) and % VO, was actual cumulative oxygen consumption, as
determined by Simpson’s method of multiplying breath-by-breath VO, values by the
number of seconds that transpire between breaths over the 180 s of unloaded exercise
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(Figure 1). Mean response time, defined as [oxygen deficit]/[AVO,], is the exponential time
constant of VO, onset kinetics! 8 and approximates the time needed to reach 63% of steady-
state VO,.

Statistical Methods

Results

SAS 9.3 (SAS Institute Inc., Cary, North Carolina) was used for statistical analysis. All
continuous, normally-distributed measurements are presented as the mean+SEM. The Wilk-
Shapiro test was used to assess the normality of continuous variables for selection of
appropriate comparison testing between subgroups. Categorical data are reported as
percentages. Group baseline characteristics were compared using either the Student t test or
Fisher’s exact test, as appropriate. For clinical characteristics, comparisons between groups
for continuous variables were performed using unpaired two-sample t tests or the Wilcoxon
signed rank test, as appropriate. Pearson or Spearman correlation coefficients were
calculated, based on whether or not the data was either normally or not normally distributed,
respectively. Relationships between MRT, considered as a continuous variable, and other rest
and exercise clinical variables were assessed by univariate and multivariate linear regression
in LVSD subjects. Subgroup analysis was performed comparing HF patients with MRT
greater than or equal to versus less than 60 s. Pressure-flow (PQ) relationships during
exercise were analyzed by comparing average PQ value during each minute of exercise
between HF subgroups. The selection of the 60 second endpoint for MRT reflected the
approximate median of the cohort. Sensitivity analyses were performed using both 55 and 65
s with no significant differences in associations. This study was approved by the institutional
review board and all patients provided informed consent. The authors had full access to the
data and take responsibility for its integrity and for the manuscript as written.

Population Characteristics

Baseline characteristics for all HF subjects (N = 42), HF subjects stratified by MRT greater
than or equal to (N=24) or less than 60 seconds (N=18), and control subjects (N=17), are
reported in Table 1. MRT was significantly longer in HF subjects compared to controls
(64+£3 vs. 45+5s, p=0.004). HF patients with MRT greater than or equal to 60s (HF, MRT
>60s) did not differ from HF patients with MRT less than 60s (HF, MRT <60s) with respect
to age, gender, medication exposures, or LVEF (Table 1).

Relationship Between MRT and Resting Indices of Cardiac, Pulmonary, and Peripheral

Function

Resting indices of cardiac performance for all patients are shown in Table 2. When
compared to HF patients with MRT<60s, HF patients with MRT=60s demonstrated higher
resting mean PAP (p=0.002) and PCWP (p=0.002), lower RVEF (p=0.004), and a trend
toward lower cardiac output (p=0.08) (Table 2). Similarly, linear regression analysis
demonstrated that MRT expressed as a continuous variable was related to higher PAP and
PCWP, as well as lower resting RVEF (see Supplemental Tables 1 and 2 for full list of
resting hemodynamic univariate predictors of MRT). Finally, prolonged MRT was not
related to reduced peripheral oxygen extraction; at rest, HF, MRT =60s patients
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demonstrated /ncreased C[a—v]O, when compared to both HF, MRT <60s (p=0.04) and
controls (p=0.02) (Table 2).

Relationship Between MRT and Indices of Cardiac, Pulmonary, and Peripheral Function
During Early Exercise

In order the determine the extent to which MRT reflects hemodynamic responses to exercise
initiation, we performed hemodynamic measurements during each minute of a standardized
period of the initial six minutes of exercise which all subjects were able to complete (Figure
2). Hemodynamic measurements were averaged over the 6-minute period for comparison
between groups (Table 3). During exercise, HF patients with MRT =60s had elevated
intracardiac pressures (RAP, PAP, PCWP) as well as lower exercise cardiac output (median
[IQR]) (4.6 [1.9] L/min vs. 5.5 [3.4] L/min, p=0.004) compared to HF patients with MRT
<60s despite similar work rates (Figure 2 and Table 3). In addition, HF patients with
prolonged MRT had a lower peak exercise RVEF (35£2 vs. 42+2%, p=0.03) and increased
dead-space ventilation (17+1 vs. 12+2%, p=0.03) (Table 3), when compared to HF patients
with MRT<60s. The average change in RVEF from rest to peak exercise in the HF, MRT
<60s vs. HF, MRT >60s groups (-2.7+1.8 vs. —0.3+1.6%) was not significantly different
(p=0.36). There were no differences in peak exercise LVEF or peak exercise C[a-Vv]O,
between HF groups stratified by MRT.

Univariate regression analysis similarly demonstrated that MRT, expressed as a continuous
variable, was directly related to elevated cardiac filling pressures during submaximal
exercise (Supplemental Tables 1 and 2), reduced RVEF (p= —0.54, p=0.0007), and a trend
towards reduced LVEF (B= -0.32, p=0.06). With respect to ventilatory parameters, MRT
was positively associated with the dead-space to tidal volume ratio (Vd/Vt, p=0.04) and
VEe/VCO, (p=0.03), and negatively related to exercise arterial pCO, (p=0.02) averaged over
the initial 6 minutes of exercise. Finally, MRT was associated with increased peripheral
oxygen extraction (C[a-v]O,) during submaximal exercise (p=0.04), but showed no
association with exercise heart rate (absolute or relative increase from resting).

Right Ventricular-Pulmonary Vascular Unit Function and MRT

The ability of the RV-PV unit to accommodate increased flow requisite for exercise is best
examined by measuring pressure-flow relationships in the pulmonary circulation. To further
assess the relationship between MRT and RV-PV function during exercise we compared PAP
vs. CO and trans-pulmonary gradient [TPG=mPAP-PCWP] vs. CO during the first 6-
minutes of exercise in HF patients stratified by MRT (<60s vs. =60s) and control subjects
(Figure 3). The overall group of HF patients, compared to controls, showed a higher PAP vs.
CO slope (7.0 mmHg/L*min~1 vs. 1.5 mmHg/L*min~1, p<0.001) and TPG vs. CO slope
(3.3 mmHg/L*min~1 vs. 1.9 mmHg/L*min~1, respectively, both p<0.001). Compared to HF
patients with MRT < 60s, HF patients with MRT =60s demonstrated increased PAP relative
to CO (slope, 6.8 vs. 6.0 mmHg/L*min~1, p<0.001) and increased incremental pulmonary
vascular resistance (TPG vs. CO slope, 3.75 vs. 2.23 mmHg/L*min~1, p<0.001) during
submaximal exercise.
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Predictive Value of MRT and Peak VO, in Early Exercise Hemodynamics and Cardiac

Function

Peak VO, is a standard exercise parameter that is widely used in the evaluation of patients
with LVSD. However, peak VO, does not necessarily reflect cardiovascular performance
during low-level exercise representative of activities of daily living. We hypothesized that
MRT would be more closely associated with hemodynamic dysfunction during low-level
exercise compared to peak VO,.

MRT was inversely associated with peak VO, (B=-0.36, p=0.02). Univariate associations
between peak VO, and other hemodynamic and ventriculographic measurements are
summarized in Supplemental Table 3. Similar to MRT, peak VO, showed univariate
association with indices of reduced cardiac reserve (i.e. lower exercise cardiac output) and
associated elevations of intracardiac pressures (RAP, PAP) (univariate p <0.05, for all)
during early exercise. Peak VO, also showed association with rest (3=0.37, p=0.02) and
peak exercise RVEF (B=0.40, p=0.02) but neither rest nor peak exercise LVEF. To better
assess the relative value of MRT versus peak VO, in predicting invasive indices of cardiac
performance during early exercise a bivariate analysis was performed. After adjusting for
peak VO,, MRT remained an independent predictor of submaximal exercise PAP (p=0.007)
and PCWP (p=0.024), as well as peak exercise RVEF (p=0.003), but not submaximal
exercise cardiac output.

Discussion

The ability to rapidly increase oxygen delivery to skeletal muscle during early exercise is
critical for maintenance of cellular homeostasis. In this study, through comprehensive
physiologic assessments during early exercise, we determined that delayed oxygen uptake
kinetics, quantified by MRT, were closely related to reduced exercise cardiac output and
elevated biventricular filling pressures. Specifically, prolonged MRT was related to three
independent metrics of abnormal right ventricular-pulmonary vascular function: (i) reduced
resting and exercise RVEF, (ii) increased dead-space ventilation, and (iii) a steep PAP-flow
relationship during early exercise. In contrast, MRT was not associated with systemic
oxygen levels (exercise PaO5), spirometry indices, or impaired peripheral oxygen utilization,
providing further support for a central cardiac etiology of delayed VO, kinetics. In
aggregate, these findings indicate that prolonged MRT in patients with LVSD signals an
impaired hemodynamic response to exercise characterized by impaired RV-PV reserve.

Previous studies assessing the delayed VO, kinetics of LVSD have been limited to isolated
assessments of central and peripheral mechanisms, without integration of parameters of
pulmonary, peripheral, and cardiac function. Analysis of central mechanisms have been
limited to one study relating MRT to peak cardiac index,25 and another that relied on serial
estimates of cardiac output using radionuclide counts.? Our study is the first to examine the
relationship between MRT and serial Fick cardiac output measurements, with simultaneous
assessment of biventricular filling pressures during early exercise. It is also the first study to
disaggregate right versus left ventricular function in the assessment of prolonged MRT. With
respect to pulmonary mechanisms of delayed VO, kinetics, while previous work?% has
identified a relative increase in dead-space ventilation in L\VSD compared to controls, and
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others!2 have linked abnormal ventilation-perfusion matching to peak VO, in HF, no
previous studies have examined the relationship between pulmonary function or dead-space
ventilation and oxygen kinetics. Similarly, studies assessing the contribution of peripheral
mechanisms to abnormal oxygen uptake in HF have been limited to correlations of skeletal
muscle function to peak VO,,27: 28 or correlations of histologic assessments to VO, kinetics,
29 without simultaneous assessment of central hemodynamics.

The time constant of VO, kinetics for patients with LVSD in this study (64+3s) was similar
to that described in previous studies that examined subjects with comparable degrees of
systolic impairment including reports from Koike et al.2 (MRT of 58+8s), Schalcher et al.
(50.1+14.2s)11 and Seitsema et al. (67+26s).3 MRTs previously reported in healthy subjects
by Lewalter et al. (35.1+9.95)30 and Sietsema et al. (37+25s)3 were also qualitatively similar
to the MRT of control subjects reported here (45+5s).

Relationship between MRT, Cardiac Output and Peripheral Oxygen Extraction

Augmentation of VO, in response to exercise, according to the Fick equation, is related to
either an increase in cardiac output, an increase in peripheral muscle oxygen extraction (C[a
-v]O»), or both. Our study is the first to integrate assessment of both the cardiac output and
peripheral extraction components of oxygen uptake during measurement of MRT.
Previously, Meyer and colleagues?® demonstrated correlation between MRT and peak
cardiac index in LVSD, while Koike et al.2 extended these findings by dynamically assessing
cardiac output using radionuclide counts in patients with recent myocardial infarction. The
latter group demonstrated correlation between MRT, exercise cardiac output, and LVEF,
inferring a relationship between MRT and LV systolic function.

Our study, in contrast to that of Koike and colleagues,2 was confined to HF patients with
reduced LVEF and employed Fick measurements of cardiac output which tend to be more
reliable than radionuclide volumetric measurements in LVSD, where mitral regurgitation is
common. Similar to Koike et al,2 we found that HF patients with prolonged MRT (=60s)
demonstrated relatively impaired exercise cardiac output (4.6 [1.9] L/min) compared to both
HF patients with MRT <60s (5.5 [3.4] L/min) and control patients (8.1 [2.8] L/min).
Notably, there was no significant difference in LVEF between groups of HF patients
stratified by MRT in this study, suggesting that the link between impaired exercise cardiac
output and prolonged VO», Kinetics is not necessarily linked to degree of LV systolic
dysfunction.

Potential peripheral contributions to delayed VO, augmentation in LVSD include exercise
arterial hypoxemia, reduced local oxygen delivery,?8 and impaired oxygen extraction by
skeletal muscle.?% 31 The limited evidence available in healthy controls suggests that oxygen
transport within exercising muscle is not a limiting factor in oxygen extraction.32:33 We
found no differences in arterial oxygen concentration between HF groups stratified by MRT
or control patients, suggesting that exercise arterial hypoxemia was not responsible for
delayed VO, kinetics during early exercise. In contrast, we found independent association
between MRT and increased peripheral oxygen extraction both at rest and during early
exercise, which likely reflects a compensatory mechanism for reduced cardiac output during
submaximal exercise.34 35 The finding of no significant difference in peripheral oxygen
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extraction at peak exercise between HF groups stratified by MRT further argues against a
relationship between prolonged MRT and blunted peripheral oxygen extraction. In
aggregate, our findings argue against abnormal peripheral oxygen extraction as a primary
mechanism for delayed VO, kinetics in LVSD during submaximal exercise.

Prolonged MRT is Related to Impaired Right Ventricular-Pulmonary Vascular Function

This is the first study to associate delayed oxygen kinetics with abnormal RV-PV function
during submaximal exercise. Using three independent evaluative tools, we demonstrate that
a prolonged MRT was associated with reduced RVEF (rest, exercise), increased dead-space
ventilation during early exercise, and abnormal RV-PV coupling as reflected by a steeper
pressure-flow slope and increased pulmonary vascular resistance during exercise. In normal
individuals initiation of exercise is associated with a rapid increase in cardiac output as well
as improved efficiency of gas exchange through pulmonary vascular recruitment and
improved ventilation-perfusion matching. Our group recently demonstrated that exercise
imposes a greater relative load on the RV compared to the LV.17

Therefore, the importance of RV function in increasing pulmonary perfusion, coupled with
the known inefficiency of gas exchange that arises with pulmonary vascular dysfunction and
abnormal ventricular-vascular coupling, likely explains why blunted oxygen uptake
augmentation during early exercise closely reflects impaired RV-PV function in HF.
Potential mechanisms of abnormal RV-PV coupling in patients with prolonged MRT include
reduced pulmonary vascular recruitment,36 blunted reduction in pulmonary vascular tone
during exercise,37 structural changes to pulmonary vasculature in the setting of chronically
elevated left-sided pressures,3® and dynamic mitral regurgitation (MR) during exercise.3%
Indeed, while prolonged MRT was associated with increased left-sided filling pressures (rest
and exercise PCWP), the finding of an increased TPG-CO slope in HF patients with
prolonged MRT highlights the role of abnormal pre-capillary pulmonary vascular function in
the delayed oxygen kinetics of LVSD.

Clinical Implications

Exercise limitation is a hallmark of LVVSD and represents a major source of HF morbidity.
Underlying this clinical limitation is a central pathophysiologic feature of heart failure,
namely the inability of the heart to deliver oxygen at a rate commensurate with metabolic
need. Peak VO, remains the gold-standard barometer of maximum exercise capacity and is a
well-established determinant of survival in LVSD.4%: 41 Nonetheless, peak VO, is limited as
an assessment tool given its reliance on patient motivation,*2 the influence of non-cardiac
comorbidities on ability to perform high workloads, and the fact that it reflects a physiologic
state rarely achieved by HF patients.#3 Determination of VO, kinetics during submaximal
testing represents an easily measurable and reproducible parameter that may have more
relevance to daily morbidity than peak VVO,. Here we find in bivariate analysis that MRT and
peak VO, provide complementary insight into the hemodynamic derangements during early
exercise in LVSD. While peak VO, was independently associated with submaximal exercise
cardiac output, MRT showed unique association with elevated biventricular filling pressures
in early exercise as well as reduced RV function at peak exercise. These data, in concert with
the previously documented complementary roles of MRT and peak VO, in predicting
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survival in LVSD,”- 11 provide further rationale to adopt routine derivation of oxygen
kinetics during CPET in patients with LVSD.

By highlighting the central role of aberrant RV-PV function in the delayed VO,
augmentation of HF, our findings suggest that MRT is a non-invasive surrogate for RV-PV
function which is technically difficult to assess at rest and particularly difficult to assess
during exercise.** MRT, coupled with other non-invasive submaximum CPET parameters,
represents a potentially attractive endpoint for trials that are increasingly being performed to
evaluate therapies directed at RV-PV function in HF.#® This work further solidifies the role
of aberrant right ventricular-pulmonary vascular coupling in the exercise intolerance of
systolic HF and potentially identifies a subset of HF patients who may benefit from therapy
targeting the RV-PV unit, such as phosphodiesterase 5 inhibition.20

Our study has several limitations. First, the control group was limited in size given the
relative infrequency of referral for patients who are found to have no significant
cardiopulmonary disease upon undergoing CPET with invasive hemodynamic monitoring.
The relatively small overall sample size without correction for multiple hypothesis testing
may have increased the possibility of type | error. However, the validity of our findings are
supported by their internal consistency during ascertainment by separate independent
measurement techniques (for example, MRT was related to impaired RV-PV function
reflected by (i) reduced RVEF measured by ventriculography, (ii) increased PAP/CO slope
measured by pulmonary arterial catheterization, and (iii) increased dead-space ventilation
measured by concurrent mixed expired gas and arterial blood analyses of carbon dioxide).
Second, there is no widely accepted standardized time window for calculation of MRT and
previous studies have utilized a range of three to six minutes of exercise.2 3 2546 Gjven that
MRT was derived during an initial three minutes of unloaded exercise, we cannot rule out
the possibility that alternative mechanisms are responsible for VO, augmentation during
later phases of exercise. While a late phase of VO, augmentation has been described in HF,
24 this has only been previously characterized in the setting of heavy exercise?? or after
achievement of the anaerobic threshold,*’ neither of which was the case for any patient in
this study. The advantage of our approach is that a three minute period of steady state
exercise can be incorporated into an incremental CPET, avoiding the need for repeated tests
on subjects. Furthermore, MRT values derived from our study were highly consistent with
values derived from other studies in similar HF populations,? 3 11 suggesting that
methodological variations yield similar MRTs. Third, given that a substantial percentage of
patients with HF were exposed to f-blockade, we cannot fully rule out a contribution of
chronotropic incompetence to prolonged MRT. Fourth, the overall size of the study limited
our power to detect significant differences in clinical outcome between LVSD groups
stratified by MRT. Finally, the relatively depressed LVEF and peak VO, of our study
population reflects a relatively advanced HF population and these findings may not be
necessarily generalizeable to patients with milder systolic impairment.
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Conclusion

In patients with systolic heart failure, delayed augmentation of oxygen uptake during early
exercise is closely related to impaired cardiac reserve, characterized by abnormal right
ventricular-pulmonary vascular function. Our findings support the potential role of using
MRT, which is easily derived from standard CPET, as a non-invasive surrogate for RV-PV

function in LVSD.
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Figure 1.
Mean response time (MRT) is the exponential time constant of O, uptake during exercise

and is approximately 63% of the time needed to reach steady-state. MRT was derived during
unloaded exercise and calculated as the ratio of oxygen deficit (O,-deficit) and change in
oxygen consumption (AVO,), defined as the difference between VO, at rest and steady-
state.
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Mean + SEM hemodynamic measurements at rest (time 0) and during the first 6 minutes of
exercise for patients with heart failure, stratified by mean response time (MRT) and control
subjects. MRT was derived using hemodynamic measurements corresponding to unloaded
exercise, performed at minutes 0 to 3 of exercise. A, Right atrial pressure (RAP); B, mean
pulmonary artery pressure (mPAP); C, pulmonary capillary wedge pressure (PCWP); D,
Cardiac output. * Denotes p<0.05 for comparison of average hemodynamic measurements

mPAP (mmHg)

Cardic Output (L/min)

during exercise for MRT< 60 sec vs. MRT = 60 sec.
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Figure 3.

Pressure-flow relationship of right ventricular-pulmonary vascular (RV-PV) unit (A) and
incremental pulmonary vascular resistance (B) during exercise for patients with HF,
stratified by mean response time (MRT) and control subjects. The pressure-flow relationship
(pulmonary artery pressure vs. cardiac output [A] and trans-pulmonary gradient vs. cardiac
output [B]) were assessed at rest and each minute of a standardized 6-minute exercise
protocol. Shown are averages across all subjects within each group. PAP, pulmonary artery
pressure; TPG, trans-pulmonary gradient. * Indicates p<0.05 for comparison of average
hemodynamic measurements during exercise for MRT < 60 sec vs. MRT = 60 sec.
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Clinical Characteristics of Heart Failure Patients Stratified by MRT and Control Subjects

Table 1

Characteristic Heart HF, HF, Control
Failure MRT 260s MRT <60s (n=17)
(n=42) (n=24) (n=18)
Age — Years 59+2 57+3 61+2 61+3
Male Sex - % 88 92 84 82
Primary Cause of Heart Failure; ischemic - % 508 50 50 0
Heart Failure Pharmacotherapy - %
Diuretic — Loop 8g¢ 92 83 6
ACE Inhibitor or ARB 818 79 83 41
B-Adrenergic Receptor Antagonist 95% 96 94 18
Spironolactone — Aldo Blocker 528 42 67 0
Digoxin 508 58 39 0
Cardiac Resynchronization Therapy - % 268 25 28 0
LV Ejection Fraction (rest), % 30418 30+1 31+1 68+1
Hemoglobin (g/dL) 128403 128405  12.8404  13.1+0.4
Mean response time, s 644358 7743 44+3 455

Page 16

Continuous variables are presented as mean + standard error of the mean (SEM) if normally distributed and as median (interquartile range) if not

normally distributed.

Indicates P<0.05 for comparison of HF, MRT >60s and HF, MRT <60s.

§indicates P<0.05 for comparison of HF and controls.

ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker; RV, right ventricular; LV, left ventricular; SVR, systemic vascular

resistance; PVR, pulmonary vascular resistance.
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Table 2

Hemodynamic Values, Cardiac Function, and Ventilatory Parameters Measured at Rest

Variable HF HF, MRT >60s HF, MRT <60s Control
RAP, mmHg 5+1 6+1 4+1 3+0
PAP, mmHg 25(13)% 31(14) " 20(6) 15+17#
PCWP, mmHg 15418 1842* 112 61l¥
MAP, mmHg 83+28 81+2 85+3 10422 1%
C[a-v]0,, mL O,/dL 7.42.2)8 8.1(2.5)" 6.9(1.5) 6.323)"
Cardiac Output, L/min 36(1.1)% 3.4(0.9) 4.1(1.4) 4.7+037%
Heart rate, bpm 71(21) 69(24) 73(12) 7442
Stroke Volume, mL 52438 53+4 51+3 69+47%
SVR, dynes*s/cm?® 1640(875) 1706(1082) 1625(685) 1733(538)
PVR, dynes*s/cm5 265(130)8 280(145) 238(114) 117(121) ¥
PaO,, mmHg 90+2 91+3 88+3 95+2
PaCO,, mmHg 38+1 37+1 39+1 36+1
pH, units 7.45 7.45 7.44 7.437
FEVy, L 230+0855  2.30+097 229+067  334+0487F
DLCO, ml/min/mmHg 17.9+6.18 18.0+6.7 17.8+5.3 232 +55%
RV Ejection Fraction, % 41(18)8 35(14) 48(7) 564177

Continuous variables are presented as mean + standard error of the mean (SEM) if normally distributed and as median (interquartile range) if not
normally distributed. MAP indicates mean systemic arterial pressure; RAP mean right atrial pressure; PAP mean pulmonary arterial pressure; PVR
pulmonary vascular resistance; SVR systemic vascular resistance; C[a-v]O2 indicates arterio-venous difference in oxygen content (i.e. oxygen

extraction); FEV1, forced expiratory volume in one second.

*Indicates P<0.05 for comparison of HF, MRT >60s and HF, MRT <60s,
findicates P<0.05 for HF, MRT >60s vs. controls,

’tindicates P<0.05 for comparison of HF, MRT <60s and controls, and

§indicates P<0.05 for comparison of HF and controls.
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