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Current Limitations of Invasive Exercise
Hemodynamics for the Diagnosis of Heart Failure
With Preserved Ejection Fraction
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BACKGROUND: Exercise hemodynamics can differentiate heart failure with preserved ejection fraction (HFpEF) from noncardiac
dyspnea. However, respiratory pressure swings may impact hemodynamic measurements, potentially leading to misdiagnosis
of HFpEF. Moreover, threshold values for abnormal hemodynamic response indicative of HFpEF are not universally accepted.
Thus, we sought to evaluate the impact of respiratory pressure swings on hemodynamic data interpretation as well as the
concordance among 3 proposed exercise hemodynamic criteria for HFpEF: (1) end-expiratory pulmonary artery wedge
pressure (PAWP ) >95 mmHg; (2) PAWP_ p/Card|ac output slope >2 mmHg/L per minute; and (3) respiratory-averaged
(avg) mean pulmonary artery pressure >30 mmHg, total pulmonary resistance, >3 WU, PAWP g & %Gm@nm Hag.

METHODS: Fifty-seven patients with unexplained dyspnea (70% women, 709 years) underwent exercise cardiac
catheterization. The difference between end-expiratory and averaged hemodynamic values, as well as the concordance
among the 3 hemodynamic definitions of HFpEF, were assessed.

RESULTS: End-expiratory hemodynamics measurements were higher than values averaged across the respiratory cycle.
During exercise, a larger proportion of patients exceeded the threshold of 25 mmHg for PAWP_ “rather than for PAWP |
(70% versus 53%, P<0.01). The concordance of 8/3 HFpEF exercise hemodynamic criteria was recorded in 70% o
patients. PAWPexp/card|ac output slope ‘identified HFpEF more frequently than the other 2 criteria (81% versus 64% to
69%), incorporating over 97% of abnormal responses to the latter. Patients with 3/3 positive criteria had worse clinical, gas-
exchange, and hemodynamic profiles.

CONCLUSIONS: Respiratory pressure swings impact on the exercise hemodynamic definitions of HFpEF that provide discordant
results in 30% of patients. Equivocal diagnoses of HFpEF might be limited by adopting the most sensitive and inclusive
criterion alone (ie, PAWPexp/cardiac output slope).
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as the gold-standard to diagnose heart failure with  dynamics.”™* However, the extent to which exercise-
preserved ejection fraction (HFpEF), allowing iden-  induced increase in filling pressure could be considered
tification of patients with a marked increase in filling pathological remains to be clarified.?™”

Exercise invasive hemodynamics have been claimed pressure during exercise, despitte normal resting hemo-
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Exercise Hemodynamics for the Diagnosis of HFpEF

WHAT IS NEW?

* Respiratory-averaged and end-expiratory pulmonary
artery wedge pressure (PAWP) values cannot be
used interchangeably during exercise, as this may
lead to different proportions of patients exceeding
diagnostic thresholds for the diagnosis of heart fail-
ure with preserved ejection fraction (HFpEF).

* The 3 existing exercise hemodynamic definitions
of HFpEF can provide discordant results in up to
30% of cases.

* End-expiratory PAWP/cardiac output slope >2
mmHg/L per minute identifies HFpEF more fre-
quently and incorporates most of the positive
responses to the other 2 definitions.

¢ Younger age, lower H,FPEF score, lower PAWP, and
higher cardiac output may be associated with discor-
dance among definitions.

WHAT ARE THE CLINICAL IMPLICATIONS?

* This work highlights the need for standardization of
exercise hemodynamic measurements and criteria
to define HFpEF in clinical practice, to obtain repro-
ducible HFpEF diagnosis across laboratories. In a
parsimonious perspective, end-expiratory PAWP/
cardiac output slope >2 mm Hg/L per minute might
be considered the most consistent parameter to
define HFpEF since it appears to be more sensi-
tive and includes most of the patients exceeding
an end-expiratory PAWP threshold of 25 mmHg or
developing exercise pulmonary hypertension due
to HFpEF (respiratory-averaged mean pulmonary
artery pressure >30 mmHg with TPR >3 WU and
respiratory-averaged PAWP >20 mmHg).

So far, 3 main approaches have been proposed to
diagnose HFpEF based on exercise hemodynamic mea-
surements: end-expiratory pulmonary artery wedge pres-
sure (PAWPGXP) >25 mmHg at peak exercise’; PAWP_ /
cardiac output (CO) slope >2 mmHg/L per minute®?;
respiratory-averaged mean pulmonary artery pressure
(mPAPavg) >30 mmHg at peak exercise with a mPAP, /
CO ratio (total pulmonary resistance [TPRan]) >3 WU and
F’AWPavg >20 mmHg.2 However, 2 of these criteria, based
on peak exercise thresholds, might be highly dependent
on the dose of exercise performed. Furthermore, 2 defi-
nitions adopt end-expiratory pressure measures while
the latter use respiratory-averaged values, although the
phase of the respiratory cycle in which measures are per-
formed might lead to different results. Indeed, the extent
of concordance of these 3 hemodynamic definitions for
HFpEF in the individual patient has never been tested,
and in case of discordance among them, there is no indi-
cation on how to interpret the test. Finally, the clinical use-
fulness of the invasive exercise hemodynamics is limited
by several methodological issues in pulmonary pressure
measurements. They include the effect of respiratory
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Nonstandard Abbreviations and Acronyms

AC1 first-degree agreement coefficient
avg respiratory-averaged

Cco cardiac output

COPD chronic obstructive pulmonary disease
exp end-expiratory

H,FPEF heavy, hypertensive, atrial fibrillation,

pulmonary hypertension, elder, filling
pressure

HFA-PEFF heart failure association—pretest
assessment, echocardiography, func-
tional testing, final etiology

HFpEF heart failure with preserved ejection
fraction

mPAP mean pulmonary artery pressure

NT-proBNP N-terminal pro-brain natriuretic peptide

PAWP pulmonary artery wedge pressure
RR relative risk
TPR total pulmonary resistance

e

pressure swings (particularly refey@nt:during exercise and
in patients with obesity or respiréi"tor§/\55c3cimstmenases),9 and how
to take into account systolic and diastolic PAWP compo-
nents and PAWP nonlinear patterns of increase.'®'®

The aim of this study was to evaluate the concordance of
the 3 proposed definitions for an abnormal hemodynamic
response to exercise consistent with HFpEF in consecutive
patients investigated for unexplained dyspnea, a popula-
tion in which exercise hemodynamics is being increasingly
performed for diagnostic purposes and that should lead to
unequivocal confirmation or exclusion of HFpEF.~38

MATERIALS AND METHODS

We retrospectively analyzed the cohort of patients who under-
went an elective, clinically indicated cardiac catheterization
at rest and during exercise at Istituto Auxologico Italiano in
between June 2016 and September 2019.

Detailed inclusion and exclusion criteria and methodology
for collection and interpretation of clinical and echocardio-
graphic data'*'" are reported in the Data Supplement.

The Ethics Committee of the Istituto Auxologico
ltaliano approved the study on April 21, 2020 (protocol n
2020_04_21_03). All patients signed a written informed con-
sent to the use of their data for research purposes. The data
that support the findings of this study are available from the
corresponding author upon reasonable request.

Right Heart Catheterization
Detailed methodology on right heart catheterization™® (patient
preparation, procedural steps, and data collection) are reported
in the Data Supplement.

PAP and PAWP were measured both during inspiration, at
end-expiration and as an average of at least b respiratory cycles,
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both at rest, after 1 minute of passive leg raise (feet on the
pedals), and during the last minute of each step of a symptom-
limited exercise test up to exhaustion.” The phase of the respira-
tory cycle had been identified during the test using a respiratory
belt and confirmed both by visual inspection of thoracic excur-
sion and capnography waveforms from the metabolic cart. A
typical PAWP tracing recorded at peak exercise is displayed
in Figure 1. V waves were measured, and their amplitude was
calculated as the difference between the zenith of the V wave
and the mean PAWP value. When tall V waves appeared dur-
ing exercise, if not previously done, patients underwent exercise
stress echocardiography to exclude dynamic mitral regurgita-
tion. Respirophasic variations of PAWP tracings were calculated
as the difference between end-expiratory and inspiratory values.
Hemodynamic data reflect the agreement of 2 expert indepen-
dent readers blinded to patients’ data, who visually reviewed all
pressure traces offline. In particular, the 2 readers averaged
PAWP values so that both systolic and diastolic PAWP com-
ponents were included in this computation. Indeed, using aver-
aged rather than diastolic PAWP allows to more homogeneously
compare the hemodynamic burden imposed by left atrial hyper-
tension on the pulmonary circulation irrespectively of cardiac
rhythm (sinus rhythm or atrial fibrillation). Visual measurement
was preferred over automatic, software-based analysis. Indeed,
during exercise, motion artifacts, catheter whip, and aberrant
respiratory swings may lead to imprecise automatic readings
of pressure traces dynamically recorded during relatively short
time windows at each step of effort using fluid-filled catheters.
The Shrout-Fleiss intraclass correlation was calculated in a
subsample of our data set to assess the interrater reliability of
respiratory-averaged and end-expiratory PAWP measured over
at least b respiratory cycles. CO was calculated by direct Fick
method. TPR was computed as mPAP/COZ® A linear regression
was applied to multiple pairs of PAWP and CO points-to calcu-
late the PAWP/CO linear regression slope,*® as illustrated in
Figure 1. A pulmonary pressure plateau pattern was defined by

Exercise Hemodynamics for the Diagnosis of HFpEF

a decrease or by a lack of increase (<10%) in pressure despite
an increase >0.5 L/min of CO. In patients with this feature,
PAWP/CO slope was recalculated excluding peak values.
Three hemodynamic definitions of HFpEF were considered:
1. PAWP_ >25 mmHg at peak exercise';
2. PAWP. p/CO slope >2 mmHg/L/min?3;
3. mF’APav >30 mmHg, TPR, >3 WU, and PAWP, =20
mm Hg.
Since body position might affect exercise performance, we also
performed a sensitivity analysis comparing the gas-exchange
results obtained in the supine position in the cath lab with those
obtained during a standard upright cardiopulmonary exercise
test in the subgroup of patients who performed both tests within
a week, without changes in clinical conditions or treatments.

Statistical Analysis

Continuous variables are reported as mean£SD normal when nor-
mally distributed (visual inspection of distribution) and as median
and interquartile range in case of non-normal data. Categorical
data are shown as frequencies and proportions. To compare end-
expiratory and respiratory-averaged pulmonary hemodynamic
values, we used paired t test (or Wilcoxon signed rank-sum test
in case of non-normal distribution) when the variables were con-
tinuous. Analogously, we applied the McNemar test for binary
variables dichotomized according toi%ppg@gd pathological cut-
offs. Moreover, we used ttest for uﬁ'pé eddata (or Wilcoxon test)
to detect the differences (end-expiratory — respiratory-averaged)
between patients with obesity or respiratory comorbidities and
patients without these clinical problems. We classified each
patient in term of discrepancy at rest comparing end-expiratory
and averaged values using the cutoff of 15 mmHg. Analogously,
we considered discrepancy at peak exercise using the cutoff of
25 -mmHg. To evaluate the relationship between respirophasic
difference (either at rest or at peak exercise) and discrepancy at
rest and at peak exercise, we implemented 2 logistic regression
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Figure 1. Pulmonary artery wedge pressure (PAWP) response to exercise in one exemplificative patient.

A, PAWP tracing recorded at peak exercise, with large respirophasic PAWP variations (+20 mm Hg). The expiratory phase as well as diastolic
(A wave) and systolic (V wave) components of PAWP are highlighted. The blue dotted line represents the end-expiratory mean PAWP (ie,
including both diastolic and systolic end-expiratory PAWP components) for each respiratory cycle. V wave amplitude (V amplitude) is computed
as the mean difference between the zenith of V wave and the averaged PAWP value at end-expiration. B, End-expiratory PAWP recorded at
each step of the test (which represents the average of the values from at least 5 respiratory cycles) is plotted against corresponding cardiac
output values (CO). A linear regression is applied to these multiple pairs of PAWP and CO values, to calculate the end-expiratory PAWP/CO
slope. The dotted red line represents the absolute PAWP cutoff of 26 mm Hg; the red dashed line represents a PAWP/CO slope =2 mm Hg/L
per minute.
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Table 1. General Characteristics of the Study Population

Exercise Hemodynamics for the Diagnosis of HFpEF

Table 1. Continued

Whole cohort (N=57) Whole cohort (N=57)

Demographics and anthropometrics Mitral regurgitation, N (%)

Age, y 7019 None/mild 54 (95)
Women, N (%) 40 (70) Moderate 3(5)
BMI, kg/m? 27.1+4.8 More than moderate 0 (0)

Vital signs Tricuspid regurgitation, N (%)

Systolic blood pressure, mmHg 130 (120-140) None/mild 36 (63)
Diastolic blood pressure, mmHg 80 (70-80) Moderate 21 (37)
Heart rate, bpm 71 (63-74) Severe 0 (0)

Rhythm AF indicates atrial fibrillation; BMI, body mass index; COPD, chronic obstruc-
Sinus rhythm, N (%) 47 (82) tive pulmonary disease; GOLD, Global Initiative for Chronic Obstructive Lung
AE N © Disease; IVS, interventricular septum; LAV, left atrial volume index; LVEDV, left

N (%) ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVH, left

No 38 (67) ventricular hypertrophy; LVMI, left ventricular mass index; NT-proBNP, N-terminal

Persistent  AF 10 (17) pro-brain natriuretic peptide; PAP, pulmonary artery pressure; PW, posterior wall;
ersistent or permanen and TIA, transient ischemic attack.

Paroxysmal AF 9 (16)

Comorbidities and risk factors models. The predictive performance of respirophasic difference
Obesity, N (%) 13(23) atrest and at peak exercise was estimated by the area under the
Arterial hypertension, N (%) 45 (79) curve. Moreover, the optimal threshold value of this covariate was
Glucose intolerance or diabetes mellitus, N (%) 10 (17) assessed by the Youden method which assumes that sensitivity
Coronary artery disease, N (%) 9(16) and specificity are diagnostically equ’alyl_y mportarﬁ. -

Provious stroke or TIA. N (%) Py To evaluate the agreement of 3 hg’ondynamlc definitions of
revious stroke or 1A, IV 10 HFpEF, we calculated the first—degykexagg@ement coefficient
History of pulmonary embolism, N (%) 6 (11) (AC1) statistic (and its 95% CI) proposed by Gwet." This AC1
Previous cardiac surgery, N (%) 7(12) can assume values from O (no concordance) to 1 (maximum
No 50 (88) concordance). The strength of agreement can be categorized
. according to benchmark scale of Altman® as follows: poor:
Mitral valve replacement 6 (11) y
Aortc va | . o <0.2; fair: 0.21 to 0.4; moderate: 0.41 to 0.6; good: 0.61 to 0.8;
orfic valve replacemen and very good: 0.81 to 1.0. AC1 can be calculated across >2
AF ablation, N (%) #a2) raters and overcome some typical problems affecting Cohen
Thoracic radiotherapy, N (%) 8 (14) K2
COPD, N (%) Toevaluate the potential determinants of discordance
No 39 (68) among criteria, we d|ch(.)tor.mz.ed eg;h patient in 2 levels (dis-
cordant when not all criteria identified the same status, con-
GOLD 1-2 16 (28) . L
cordant otherwise) and performed an exploratory univariate
GOLb 3 24 analysis implementing the Poisson model with robust error vari-
Obstructive sleep apnea, N (%) 14 (29) ances suggested by Zou??® considering the discordant status
Systemic sclerosis, N (%) 7(12) as a dependent variable. We included in this analysis both clini-
Blood tests cal,l gas-exchange, and hemod.ynar.nic variableg Association
- estimates were reported as relative risk (RR) and its 95% ClI. To
Hemoglobin, g/dL 13.2+1.6 . . L .
= evaluate anthropometric, demographic, and clinical differences
Creatinin, mg/dL 0.9 (0.8-1.1) among patients categorized according to the number of exer-
NT-proBNP, ng/L 195 (55-673) cise hemodynamic criteria met for HFpEF, we applied ANOVA

Echocardiography model (or Kruskal-Wallis test) for continuous variables and y?

VS thickness, mm 10.0 (9.0-11.0) test (or Fisher test) for Ca;cegorlcal ones. .
All analyses were performed using the Statistical Analysis
PW thickness, mm 9.0 (9.0-10.0) y P . 9 ; Y
System Software (version 9.2; SAS Institute, Cary, NC).
LVEDV, mL 800 (71.5-99.0) Statistical significance was set at the 0.05 level. All P values
LVMI, g/m? 85.0£18.9 were 2-sided.
LVH, n (%) 10 (18)
LVEF, % 63.1 (60.9-64.7) RESULTS
LAVI, mL/m?2 31.4 (25.4-43.7)
Septal E/, m/s 0.07 (0.06-0.09) General Characteristics
Average E/E/ 8.9 (78-11.4) Out of 123 right heart catheterizations performed at
Systolic PAP, mmHg 34 (28-47) rest and during exercise between June 2016 and Sep-
(Continved)  tember 2019, 57 patients fulfilled the inclusion criteria
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(Figure | in the Data Supplement). Their clinical char-
acteristics are reported in Table 1. Mean age was 70
years old, mean body mass index was 27.1£4.8 kg/m?,
70% of patients were women, and burden of comorbidi-
ties was large. Eighty-three percent of patients were in
sinus rhythm. Forty-six percent of patients were obese
or had chronic obstructive pulmonary disease (COPD).
When present, COPD was mild in 89% of cases (only
2 patients in class Global Initiative for Obstructive Lung
Disease III). Median NT-proBNP (N-terminal pro-brain
natriuretic peptide) was 195 (65-673) ng/L, and
median left atrial volume was 31.4 (25.4-43.7) mL/m?2
No patient had evidence of dynamic mitral regurgitation
at exercise stress echocardiography.

According to the American Society of Echocardiog-
raphy-European Association of Cardiovascular Imaging
and the heart failure association—pretest assessment,
echocardiography, functional testing, final etiology
(HFA-PEFF) algorithms, and the heavy, hypertensive,
atrial fibrillation, pulmonary hypertension, elder, filling
pressure (H,FPEF) score, HFpEF was the likely cause
of their unexplained dyspnea in 33%, 40%, and 33% of
patients, respectively (Figure 2), with a relatively large
gray zone of possible HFpEF for the HFA-PEFF and
H,FPEF scores (47% and 54%, respectively). Thus,

100% A
80% 4
60% -
W HFpEF likely
@ HFpEF possible
40% + O HFpEF unlikely
20%
0%
ASE-EACVI HFA-PEFF H2FPEF

Figure 2. Distribution of diagnosis of HFpEF in our patient
population, according to the ASE-EACVI algorithm, HFA-
PEFF score and H,FPEF score.

Based on the ASE-EACVI algorithm, patients were categorized as
HFpEF likely (grade >2 diastolic dysfunction, suggesting high left
ventricular [LV] filling pressure), HFpEF possible (indeterminate
diastolic function), and HFpEF unlikely (no diastolic dysfunction or
grade | diastolic dysfunction, suggesting normal LV filling pressure).
Based on the HFA-PEFF score, patients were categorized as HFpEF
likely (score >4), HFpEF possible (score 2-4), HFpEF unlikely
(score <2). Based on the H,FPEF score, patients were categorized
as HFpEF likely: H,FPEF score >4 (probability >70%), HFpEF
possible: H,FPEF score 2-4 (probability 40%-70%); HFpEF
unlikely: H,FPEF score <2 (probability <40%). ASE-EACVI indicates
American Society of Echocardiography-European Association

of Cardiovascular Imaging; H2FPEF, heavy, hypertensive, atrial
fibrillation, pulmonary hypertension, elder, filling pressure; HFA-PEFF,
heart failure association—pretest assessment, echocardiography,
functional testing, final etiology; HFpEF, heart failure with preserved
ejection fraction.
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according to the HFA-PEFF algorithm and H,FPEF
score, 88% of our patients were at high or intermediate
risk for having HFpEF.

Invasive Hemodynamics

End-expiratory pulmonary pressures, both as absolute
values or flow-normalized, were significantly higher
than those obtained by averaging the values throughout
the respiratory cycle, both at rest and at peak exercise
(Table 2). In a random sample of 20 patients, intraclass
correlation coefficient between the 2 readers was: 0.98
for end-expiratory reading at rest, 0.98 for respiratory-
averaged reading at rest, 0.97 for end-expiratory read-
ing at peak, and 0.98 for respiratory-averaged reading
at peak. Respiratory PAWP variations at rest were mod-
estly related to those recorded at peak exercise (=0.53,
P<0.001). Rest and peak exercise mean differences
between F’AWPSXID and PAWPavg were 2 [2-4] mmHg
and 5 [4=7] mmHg, respectively. Thus, a significantly
larger number of patients presented with PAWP values
above diagnostic thresholds for HFpEF if considering
end-expiratory rather than respiratory-averaged values,
both at rest (33% versus 19%gwWith-PAWP >15 mm Hg,
P=0.016) and at peak exercise'(70% Versus 53% with
PAWP >25 mmHg, P=0.002; Table 2).

Resting and exercise hemodynamic data of patients
with obesity or COPD, as well as of patients without obe-
sity and without COPD are shown separately in Tables |
and Il in the Data Supplement. PAWP values exceeded
the pathological PAWP cutoff at end-expiration but
not when PAWP was respiratory-averaged in 8 (149%)
patients at rest and in 10 patients (18%) at peak exer-
cise. The optimal threshold of respirophasic difference
associated with PAWP values discrepantly exceeding
the pathological cutoff at end-expiration, but not when
pressures were respiratory-averaged, was 7 mmHg at
rest (area under curve, 0.800 [0.677-0.923]; sensitiv-
ity, 0.88 [0.47-0.99]; and specificity, 0.67 [0.52-0.80])
and 12 mmHg at peak exercise (area under curve, 0.676
[0.508-0.843]; sensitivity, 0.70 [0.35-0.93]; specific-
ity, 0.62 [0.46-0.75]). Respirophasic PAWP changes
were higher in patients with obesity or COPD than in
nonobese and non-COPD patients, both at rest (7 [6-9]
versus 3 [3-5] mmHg, A<0.001) and at peak exer-
cise (13 [9-18] versus 9 [7-13] mmHg, P=0.004).
Moreover, in obese and COPD patients, the difference
between end-expiratory and respiratory-averaged val-
ues of PAR, PAWP, and TPR at peak exercise was larger
than in nonobese, non-COPD patients (4.2 [3.0-7.3]
versus 2.7 [2.2-4.0] mmHg, P=0.001; 6 [4-8] versus
4 [3-6] mmHg, P=0.06; and 0.44 [0.31-0.69] ver-
sus 0.35 [0.20-0.43] WU, P=0.015, respectively, Table
Il in the Data Supplement). However, since obese or
COPD patients had overall higher PAWP than nonobese
and non-COPD patients, the large difference between
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Table 2. Pulmonary Hemodynamics at Rest and at Peak Exercise

Rest Exercise
Averaged End-expiratory P value Averaged End-expiratory P value
mPAP, mmHg mPAP, mmHg
Median 17 (13-21) 19 (15-25) <0.001 Median 36 (29-42) 39 (32-47) <0.001
>25, n (%) 8 (14) 15 (26) 0.016 >30, n (%) 40 (73) 43 (78) 0.25
>20, n (%) 17 (30) 25 (44) 0.008
TPR, WU
Median 4.2 (2.6-5.6) 4.5 (3.0-6.1) <0.001
TPR>3, n (%) 37 (66) 42 (75) 0.06
PAWP, mmHg PAWP, mm Hg
Median 9 (6-14) 12 (9-18) <0.001 Median 25 (18-30) 30 (23-38) <0.001
>15, n (%) 11 (19) 19 (33) 0.008 >25, n (%) 30 (53) 40 (70) 0.002
>12, n (%) 19 (33) 26 (46) 0.039 >20, n (%) 40 (70) 47 (82) 0.015
PAWP/CO slope, WU
Median 2.7 (1.8-4.0) 3.3(2.1-4.4) <0.001
>2, n (%) 39 (70) 47 (84) 0.008

CO indicates cardiac output; mPAR, mean pulmonary artery pressure; PAWR, pulmonary artery wedge pressure; and TPR, total pulmonary resistance.

end-expiratory and respiratory-averaged values in obese
or COPD patients did not translate in a higher propor-
tion of patients exceeding the 25 mmHg threshold of
PAWP when this latter was measured at end-expiration.
Conversely, the difference between PAWR_ /CO slope
and PAWP_ /CO slope was not stahshcalpy different
between the 2 groups (0.3 [0.2-0.9] in obese or COPD
versus 0.5 [0.3-0.8] mmHg/L per minute in neither
obese nor COPD, P=0.45).

A pulmonary pressures plateau pattern was found
in 16 patients (27%):. Only in 2 of them, PAWPEXP/CO
slope was >2 mmHg/L per minute when excluding
the peak exercise values, and <2 mmHg/L per min-
ute when incorporating them. We considered these 2
patients as having a PAWP_ /CO slope >2 mmHg/L
per minute to reduce the impact of a single value on the
multipoint regression.

Sixty-four percent of patients had TPR, >3 WU,
and all of them also reached a mPAP, ~>30 mmHg
and a PAWP_ 220 mmHg at peak exercise. Thus,
henceforward, when discussing this latter definition, we
will simply refer to TPR_ >3 WU. Sixty-nine percent
of patients presented with a PAWP_ =25 mmHg, and

81% with a PAWP_ ,/CO slope >2 mm Hg/L per minute
(Figure 3). The 3 hemodynam|c criteria for HFpEF were
concordant in 70% of patients: 8 patients had 0/3 cri-
teria, that is, noncardiac dyspnea, and 32 patients had
3/3 criteria (Figure 3).

Thus, considering the lower limit of the Cl of ACT,
was a moderate concordance among the 3 proposed
approaches to diagnose HFpEF based on exercise
hemodynamic measurements (AC1, 0.67 [0.52-0.83],
Table 3). This held true also when separately analyz-
ing the agreement between 2 rather than 3 criteria
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simultaneously (Table 3). Nonetheless, a PAWP p/CO
slope >2 mmHg/L per minute- na@morated 97% and
98% of both abnormal PAWP_ _ a d"TPR‘ , at peak exer-
cise, respectively (Figure 3).

The proportion of patients meeting or not meeting a
given hemodynamic definition as a function of the pre-
test probability (American Society of Echocardiography/
European Association of Cardiovascular Imaging algo-
rithm, HFA-PEFE score, H,FPEF score) is displayed
in Figure Il in the Data Supplement. As shown, 55% to
73% of patients deemed to have normal filling pressures
according to the American Society of Echocardiogra-
phy/European Association of Cardiovascular Imaging
algorithm satisfied at least one hemodynamic criterion
for HFpEF. This proportion was lower in the low-risk
category of HFA-PEFF and H,FPEF score, with 29%
to 57% and 29% to 43% of patients respectively meet-
ing at least one exercise hemodynamic definition of
HFpEF. Also, in the gray zone of the HFA-PEFF score
and of the H,FPEF score, 52% to 78% of patients met
at least one invasive exercise hemodynamic criterion for
HFpEF. Notably, when the pretest probability of HFpEF
was high based on noninvasive algorithms or score, only
the PAWP_ /CO slope was always above the threshold
for HFpEF, while 2% to 5% of these patients had peak
PAWP_ <25 mmHgor TPR <3 WU.

Clinical, Gas-Exchange, and Hemodynamic
Characteristics

Thorough clinical characteristics of our population, subdi-
vided according to the number of exercise hemodynamic

criteria met for HFpEF are shown in Table 4. Patients
with 3/3 positive hemodynamic criteria were slightly
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Figure 3. Performance of the 3 exercise hemodynamic definitions for heart failure with preserved ejection fraction (HFpEF) in

our population.

avg indicates respiratory-averaged; CO, cardiac output; exp, end-expiratory; LVEF, left ventricular ejection fraction; mPAP, mean pulmonary
artery pressure; PAWP, pulmonary artery wedge pressure; and TPR, total pulmonary resistance.
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Table 3. Concordance of 2 or 3 Exercise Hemodynamic Criteria for the Diagnosis of Heart Failure With Preserved Ejection

Fraction
No. of Percent of Lower 95% Upper 95%

Comparison agreement Total patients agreement AC1 agreement | AC1 agreement | AC1 agreement
PAWPexp at peak vs PAWF‘eXp/CO slope 46 57 0.80 0.70 0.51 0.88

PAWP_ at peak vs TPR at peak 45 57 0.79 0.63 0.42 0.84

PAWP_ /CO slope vs TPR, at peak 46 57 0.80 0.69 0.50 0.88

PAWP_ at peak vs PAWP_ /CO slope vs 40 57 0.70 0.67 0.52 0.83

TPRavg at peak

AC1 indicates first-order agreement coefficient; CO, cardiac output; PAWPEXP, pulmonary artery wedge pressure at end-expiration; and TPRW total pulmonary resis-

tance averaged throughout the respiratory cycle.

older than the other groups, had larger left atrial volume,
higher NT-proBNP values, higher prevalence of overt
echocardiographic left ventricular diastolic dysfunction,
as well as higher HFA-PEFF and H,FPEF scores. They
had atrial fibrillation in one-third of cases. They also dis-
played a worse exercise profile, characterized by lower
peak oxygen consumption and CO, higher PAWP at rest
and at peak exercise, taller PAWP V waves, as well as
higher PAWP_ /CO slope and TPR, at peak exercise.

In the 49 subjects who performed also a standard car-
diopulmonary exercise test, peak oxygen consumption
and respiratory quotient resulted 14% and 9% lower in
the supine position in the cath lab, as compared with the
upright position (15.2+4.7 versus 17.6£4.7 mL/kg per
minute and 0.99%+0.15 versus 1.10+0.12, respectively,
<0.001 for both).

Univariate Predictors of Discordance/Among
Exercise Hemodynamic Definitions of HFpEF

In an exploratory univariate analysis, factors associated
with discordance among exercise hemodynamic defini-
tions of HFpEF were age (RR, 0.96), H_FPEF score (RR,
0.82), PAWP_ o and PAWP, g 21 rest (RR, 0.88 and 0.87,
respectively), PAWP_ o and PAWP_ at peak (0.95 and
0.94, respectively), and peak CO (RR 1.21), as shown
in Table 5.

DISCUSSION

To the best of our knowledge, this is the first study
that compared the consistency of the 3 proposed
approaches to define HFpEF based on exercise hemo-
dynamics and evaluated the impact of respiratory pres-
sure swings on hemodynamic measurements during
exercise in a population at intermediate-high risk of
having HFpEF. First, our results showed that the phase
of the respiratory cycle in which pulmonary pressure
measurements are performed (end-expiratory or respi-
ratory-averaged) can dramatically change the interpre-
tation of data, both at rest, as previously demonstrated,®
and to an even proportionally greater extent during
exercise. Second, we could demonstrate that the 3

Circ Heart Fail. 2021;14:e007556. DOI: 10.1161/CIRCHEARTFAILURE.120.007555

proposed approaches to define HFpEF based on exer-
cise hemodynamics are only moderately concordant
with each other, with 30% of discordant results, which
can impact on patient’s clinical diagnosis, unless more
standardization is obtained across laboratories. In this
perspective, PAWP_ /CO slope appeared as the most
inclusive and robust variable. Additionally, PAWPeXp/
CO slope has already been shown to have prognostic
value,® whereas the exercise dose-dependent single
cut point values (PAWP >25 mmHg and TPR, >8
WU) have still not been Imked to outcomes.

The relevance of taking mi aggqunt respiratory-
related pulmonary pressure swings fnthe hemodynamic
analysis has been previously highlighted to differenti-
ate between pulmonary vascular diseases and HFpEF?
Our data clearly show that pulmonary pressure values,
absolute or flow-normalized, differ whether measured
at end-expiration or averaged over several respiratory
cycles and cannot thus be used interchangeably. Obese
and COPD patients, who are well represented in a typical
HFEpEF population; are even more exposed to larger pul-
monary pressure swings during exercise. In the presence
of these comorbidities, a single pressure value taken at
peak of exercise might be more influenced by the respi-
ratory phase than a multipoint PAWP/flow regression.

This may have implications when adopting currently
proposed exercise hemodynamic cutoffs to diagnose
HFpEF, given that there is no clear consensus on the
phase of the respiratory cycle in which pulmonary pres-
sures should be measured, especially during exer-
cise."®"2* |n particular, the European Respiratory Society,’
while acknowledging the relative lack of evidences on
abnormal PAWP cutoffs during exercise, suggests to
average pulmonary pressure values over several respira-
tory cycles. At variance, the definitions of HFpEF pro-
posed by Borlaug et al' and by Eisman et al? and Ho et
al® have been based on PAWP_ values.

Furthermore, the 3 hemodynamic definitions of HFpEF
proved to be consistent in 70% of cases with concor-
dant hemodynamic criteria (0/3 or 3/3 positive criteria).
It is interesting to note that we found a crescendo of
hemodynamic abnormalities with increasing number of
exercise hemodynamic criteria met, with the worst pro-
file in those patients presenting with 3/3 positive criteria,
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Table 4. Patient Characteristics According to the Number of HFpEF Exercise Hemodynamic Criteria Met

0/3 Hemodynamic 1/3 Hemodynamic 2/3 Hemodynamic 3/3 Hemodynamic
criteria (n=8) criteria (n=>5) criteria (n=12) criteria (n=32) P value
Anthropometric, demographic, and clinical parameters
Age, y 63.0 (59.5-69.0) 58.0 (56.0-75.0) 675 (63.5-78.5) 73.0 (71.0-78.5) 0.029*
Female sex, n (%) 6 (75%) 3 (60%) 9 (75%) 22 (69%) 0.97%
BMI, kg/m? 24.0 (21.4-26.7) 26.6 (25.3-28.8) 271 (25.3-29.6) 27.3 (23.9-30.3) 0.49*
Atrial fibrillation, n (%) 0 (0%) 0 (0%) 1 (8%) 11 (34%) 0.40t
COPD, n (%) 2 (25%) 2 (40%) 2 (17%) 12 (38%) 0.62t
NT-proBNP, ng/L 101 (47-168) 45 (33-98) 96 (46-397) 408 (174-881) 0.021*
LVMI, g/m? 73 (62-88) 96 (96-96) 83 (72-102) 85 (72-96) 0.19*
E/E 9.5 (8.2-12.9) 10.0 (9.0-11.8) 10.4 (8.4-12.4) 11.1 (9.4-12.8) 0.71*
LAVI, mL/m? 25.6 (22.8-30.7) 26.4 (23.5-27.6) 31.8 (26.0-45.0) 37.8 (27.7-50.4) 0.020*
ASE/EACVI 1 filling pressure, n (%) 0 (0%) 0 (0%) 3 (25%) 16 (50%) 0.011%
HFA-PEFF score 1.5 (1-3) 2 (2-2) 4 (2.5-5) 5 (4-6) <0.001*
H,FPEF score 2 (1-2.5) 2 (2-3) 3.5 (2-5) 4 (4-7) <0.001*
Cardiopulmonary exercise test, peak exercise
Workload, Watts 50 (35-77.5) 75 (65-75) 55 (47.5-80) 50 (40-60) 0.36*
VO,, mL/kg per minute 15.4 (13.8-18.0) 170 (15.6-17.3) 14.8 (13.2-17.9) 12.9 (10.3-16.0) 0.16*
VO,, % of predicted 73 (65-87) 86 (81-100) 79 (73-88) 76 (62-92) 0.79*
RQ 0.98 (0.83-1.08) 0.93 (0.84-1.11) 1.02 (0.9-1.2) 0.97 (0.88-1.07) 0.73*
Lactate, mmoL/L 3.6 (2.6-4.6) 3.0 (2.8-6.0) 3.7 (2.4-4.3) 4.3 (3|?"§:9);can 0.67*
CO, L/min 10.2 (9.9-11.7) 1.1 (10.7-12.7) 10.1 (8.0-12.1) 79 (5.9-99)"" 0.002*
CO increase, % 110 (91-166) 144 (116-150) 96 (64-157) 104 (60-152) 0.65*
SV, mL 89 (69-104) 105 (98-106) 96 (64-115) 78 (60-93) 0.11*
HR, bpm 118 (105-135) 120 (97-129) 114.(106-131) 104 (87-122) 0.32*
Sao,, % 95.5 (94.7-97.6) 95.0 (94.7-95.7) 97.0 (94.9-97.6) 95.5 (93.6-97.0) 0.53*
PetCO,, mmHg 33.83 (32.3-35.8) 32.4 (31.0-34.6) 33.3(32:2-35.4) 32.2 (29.9-36.5) 0.96*
VE/VCO, 35.3 (33.3-37.8) 35.1 (30.8-35.2) 32.6 (32.0-38.3) 36.7 (32.1-40.0) 0.45*
Invasive hemodynamics
F’AWPexp at rest, nmHg 8 (6-9) 6 (3-9) 11 (7-13) 17 (12-20) <0.001*
PAWP__at rest, nmHg 5 (3-6) 2 (2-7) 8 (5-11) 13 (9-17) <0.001*
PAWPexp at peak, mmHg 17 (13-20) 19 (18-19) 27 (23-30) 35 (31-40) <0.001*
PAWPaVg at peak, mmHg 11 (9-15) 15 (14-15) 23 (19-25) 29 (26-34) <0.001*
PAWP_ 'V wave amplitude at peak, mmHg | 3 (2-5) 6 (5-6) 7 (4-10) 7 (4-14) 0.015*
PAWP respiratory swings at peak, nmHg | 9.5 (7-12) 9(9-12) 9 (7.56-13) 12.5 (8.5-15) 0.42*
PAWP__/CO slope, mm Hg/L per minute 1.4 (1.0-1.5) 2.1 (2.0-2.5) 2.8 (2.1-3.3) 4.2 (3.6-5.1) <0.001*
TPGavg at peak, mmHg 10 (9-13) 11 (9-11) 11 (7-17) 11 (7-17) 0.99*
'|'PRavg at peak, WU 2.4 (1.9-2.6) 2.1 (2.1-2.4) 3.4 (2.5-4.3) 5.5 (4.2-6.4) <0.001*

ASE indicates American Society of Echocardiography; Avg, respiratory-averaged; BMI, body mass index; CO, cardiac output; COPD, chronic obstructive pulmonary
disease; EACVI, European Association of Cardiovascular Imaging; exp, end-expiratory; H,FPEF, heavy, hypertensive, atrial fibrillation, pulmonary hypertension, elder, filling
pressure; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; LAVI, left atrial volume index; LVMI, left ventricular mass index; NT-proBNP, N-terminal
pro-brain natriuretic peptide; PAWP, pulmonary artery wedge pressure; PetCO2, end-tidal partial pressure for carbon dioxide; RQ, respiratory quotient; Sao,, arterial
oxygen saturation; SV, stroke volume; TPG, transpulmonary pressure gradient; TPR, total pulmonary resistance; VCOZ2, carbon dioxide production; VE, minute ventilation;

and VO,, oxygen consumption.
“Kruskal-Wallis test.
ty? test.

suggesting a continuum of alterations with increasing
disease severity and PAWP values.

However, somehow unexpectedly for an invasive
test which should hopefully dispel any diagnostic doubt,
30% of patients presented with 1/3 or 2/3 hemody-
namic criteria, and therefore, might have not received an

Circ Heart Fail. 2021;14:e007556. DOI: 10.1161/CIRCHEARTFAILURE.120.007555

unequivocal HFpEF diagnosis. In this context, PAWP_ 7
CO slope could identify HFpEF more frequently than
the other 2 hemodynamic definitions in our real-world
population overall at intermediate-high risk for this con-
dition. Accordingly, a PAWP_ /CO slope >2 mmHg/L
per minute included most of the positive responses to
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other criteria. Additionally, no patient at high probability
of HFpEF based on the H,FPEF and HFA-PEFF score
had a PAWP_ /CO slope <2 mmHg/L per minute. Thus,
while waiting for more robust diagnostic and prognostic
correlates of exercise hemodynamics that may aid to get
a real gold-standard tool to confirm or exclude HFpEF
in clinical practice, our data suggest that PAWP_ /CO
slope might be preferred over the other parameters in
a perspective of wider standardization of this technique.

Interestingly, low PAWR, as well as high CO, younger
age, and lower HQFPEF score, were associated in our
population with discordance among hemodynamic cri-
teria. This seems reasonable since high PAWR, low CO,
older age, and high H,FPEF score are established mark-
ers of overt disease and of disease severity, at the same
time highlighting the need to further clarify gray zones
at the boundaries of early phases of HFpEF. Addition-
ally, since pulmonary and filling pressures are dependent
on flow, high CO may be associated with PAWP values
above fixed pathological cutoff in spite of normal PAWP/
CO and PAP/CO relationship.

In our analysis, respirophasic PAWP changes associ-
ated with obesity or COPD and exercise intensity did not
predict discordance among hemodynamic definitions of
HFpEF. This apparently counterintuitive finding has sev-
eral possible explanations. Patients with obesity or COPD
had overall higher exercise PAWPE, which-may serve to
decrease discordance. Indeed, patients with obesity or
COPD often have more risk factors for HFpEF than
nonobese non-COPD patients (obesity itself or smok-
ing history, both contributing to cardiovascular aging®).
In addition, obesity has been linked to worse exercise
hemodynamic profile; due toplasma volume expansion
and pericardial constraint??” Additionally, we may also
suggest respiratory swings might be more relevant when
PAWP is dichotomized at 25 mmHg and measured
either averaged or at end-expiration, as discussed above,
rather than when a different cutoff is applied to PAWP_|
and to F’AWPan. Indeed, the median difference between
PAWP_ and PAWP_ at peak exercise in our population
was b mmHg, which roughly correspond to the differ-
ence between the cutoffs of PAWP_ included in Herve's
definition (>20 mmHg)® and of F’AWF’exp considered in
Borlaug’s definition (=25 mmHg)."

Thus, our results may suggest the 3 hemodynamic
methods might not lose accuracy in obese or COPD
patients. However, it should be highlighted that our
patients were neither severely obese nor had severe
COPD. Indeed, it has been demonstrated that F’AWF’exp
values uncorrected for pleural pressure will overestimate
true pulmonary venous pressure in severe obesity and
severe COPD.?8%° Thus, further investigation is needed
especially in these latter populations. Finally, all patients
performed a volitional effort up to their maximum in the
uncomfortable setting of the cath lab, as witnessed by
blood lactate increase, even if the exercise itself, both in

Circ Heart Fail. 2021;14:e007556. DOI: 10.1161/CIRCHEARTFAILURE.120.007555
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Table 5. Univariate Analysis of Factors Associated With Dis-
cordance Among Hemodynamic Criteria (Discordant Status
as Dependent Variable)

Variable RR (95% CI) P value
Age 0.96 (0.93-1) 0.0361

Female sex 1.02 (0.43-2.45) 0.9646
BMI 1 (0.98-1.07) 0.9845
Atrial fibrillation 0.23 (0.03-1.59) 0.1380
COPD 0.67 (0.25-1.75) 0.4134
HFA-PEFF score 0.84 (0.69-1.03) 0.1000
H,FPEF score 0.82 (0.69-0.98) 0.0252
NT-proBNP 1(1-1) 0.5462
TPGavg at peak 0.98 (0.92-1.04) 0.4261

CO at peak 1.21 (1.05-1.39) 0.0083
F’AWF’avg at peak 0.94 (0.9-0.98) 0.0034
F’AWF’exp at peak 0.95 (0.91-0.99) 0.0081

PAWPan at rest 0.87 (0.81-0.94) 0.0003
PAWPexp at rest 0.88 (0.82-0.94) 0.0003
PAWP respiratory swings 0.98 (0.9-1.07) 0.7021

VO, at peak 1(1-1) 0.1646
RQ at peak 7.09 (0.65-76.71) 0.1071

Lactate at peak 0.941.74-1.2) 0.6089

) Heart

RR as well as 95% CI are reported. Av\ga“inéﬁséa%é"s“ respiratory-averaged;

BMI, body mass index; CO, cardiac output; COPD, chronic obstructive pulmo-
nary disease; exp, end-expiratory; H,FPEF, heavy, hypertensive, atrial fibrillation,
pulmonary hypertension, elder, filling pressure; HFA-PEFF, heart failure associ-
ation—pretest assessment, echocardiography, functional testing, final etiology;
NT-proBNPF, N-terminal pro-brain natriuretic peptide; PAWP, pulmonary artery
wedge pressure; RQ, respiratory quotient; RR, relative risk; TPG, transpulmonary
pressure gradient; and VO,, oxygen consumption.

terms of oxygen consumption and respiratory quotient,
expectedly resulted slightly lower than that recorded dur-
ing a standard cardiopulmonary exercise test performed
in the upright position.°

Study Limitations

This is a retrospective, single-center study performed
on a relatively small number of patients without prog-
nostic correlates of exercise hemodynamic definitions
for HFpEF. Quite restrictive inclusion and exclusion cri-
teria limited the sample size but allowed for a compre-
hensive characterization of contemporary patients with
unexplained dyspnea and intermediate-high probability
of HFpEF that might undergo exercise right heart cath-
eterization to refine their diagnosis. It should be high-
lighted that, as compared with previous studies,'® our
[talian population was mainly an older, nonobese female
cohort, with a non-negligible prevalence of mild COPD.
Accordingly, our results thus need to be validated in a
more diverse and larger population. We acknowledge
that we grouped together obese and COPD patients
rather than analyze them separately due to their rela-
tively limited representation and the relative overlap

May 2021 10



T20Z ‘9 A2\ uo Aq Blo'sfeuinofeye//:dny woly papeojumod

Baratto et al

of these comorbidities in our population. Nonetheless,
both these conditions are considered to potentially
carry similar problems in hemodynamic measurements
due to air trapping.

Finally, exercise was performed in the supine posi-
tion, which is atypical for usual exercise, so that we
cannot know whether the respirophasic differences we
found would translate in the upright position. Further-
more, we compared hemodynamic definitions that were
originally developed with exercise performed in differ-
ent body position (supine'® versus upright>® exercise).
However, body position should not relevantly affect
pressure/flow relationship of the pulmonary circula-
tion.* Thus, it is likely that PAWP_ /CO slope cutoff
should remain valid also when assessing patients in the
supine position in the cath lab.

Conclusions

End-expiratory and averaged pulmonary hemodynamic
measurements during exercise differ, and they might not
be used interchangeably. Additionally, the 3 proposed
approaches to diagnose HFpEF based on invasive exer-
cise measurements provide discordant results in a rel-
evant number of patients. While waiting for more robust
diagnostic and prognostic evidences on the role of exer-
cise hemodynamics in HFpEF our data. suggest that
PAWP_ /CO slope may be viewed as the most stable,
sensitive and inclusive hemodynamic parameter to diag-
nose HFpEF. PAWP_ /CO slope might thus be preferred
over the other definitions when seeking to substantiate
or exclude HFpEF in patients with nonconclusive data.
Further comparison-of-how-each-hemodynamic-param-
eter performs in predicting HF outcomes is needed to
move the field toward more standardized approaches.
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