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Abstract: Introduction: Remote pulmonary artery pressure (PAP)-guided heart failure (HF) therapy
for NYHA class III patients has been shown to reduce hospitalizations and increase survival. We
aimed to assess whether PAP monitoring allows for the increase in HF directed medication in an
elderly German cohort of advanced HF patients already receiving clinically optimized HF medication.
Methods: We analyzed PAP and HF medication dosage, including diuretics, in 24 patients (mean
age, 76 years) using implanted PAP-sensors during the first 12 months of PAP-guided HF care in an
interdisciplinary HF unit. Results: During 12 months of PAP-guided HF therapy, PAP decreased
significantly (4PAP systolic–6 ± 10, 4PAP diastolic–4 ± 7, 4PAP mean–4 ± 8 mm Hg, p < 0.01
for all). 16% of patients had an unplanned HF hospitalization. There was no significant change
over time with respect to the dosage of RAAS inhibitors (ACE-I/ARB/ARNI), Beta blockers, or
MRA treatments. In contrast, the dosage of loop diuretics increased significantly (2.1 ± 0.5-fold)
over time. In the comparison of a “responder” (patients with PAP and diuretic dose decline) and
“non-responder” (patients with PAP and diuretic dose increase) group, there were no significant
differences between any of the baseline, medication, or HF hospitalization characteristics between
the two groups. Conclusions: In elderly patients treated with clinically optimized HF medication, no
further evidence-based medication increase could be achieved using PAP-guided HF care. However,
by individual adjustment of diuretic dosage, a significant decline in PAP over time occurred, which
could not be predicted by any of the baseline characteristics.
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With 15 million patients, chronic heart failure (HF) HF is a very common disease in
Europe and is the most frequent reason for a hospitalization due to illness. Because of
progressive aging in Western societies, the prevalence increases steadily and leads to a
high financial burden [1–5]. Symptoms of HF include reduced exercise tolerance, which
is associated with increased (left ventricular) filling pressure with the passive backward
transmission of elevated pressure into the pulmonary vasculature [6,7]. Cardiopulmonary
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congestion leads to an increased pulmonary arterial pressure (PAP). Diuretics are recommended to reduce the signs/symptoms of congestion. The quality of evidence regarding
diuretics is poor, and their effects on morbidity and mortality have not been studied in
randomized controlled trials (RCTs) [6], but the treatment with diuretics is mandatory to
reduce hospitalizations [8]. Standard HF medications, such as beta blockers, angiotensinconverting enzyme inhibitors (ACE-I), angiotensin receptor blockers (ARB), aldosterone
antagonists, angiotensin receptor-neprilysin inhibitors (ARNI), and sodium-glucose cotransporter 2 inhibitors (SGLT2 inhibitors) all improved survival [9–15] rates, prevented
recurrent hospitalizations due to worsening HF, and improved the clinical status, functional
capacity, and quality of life [6]. However, the target dose of evidence-based medication
is generally difficult to reach outside of clinical trials [16], and elderly patients are even
less likely to receive evidence-based HF therapy [17]. Previous analyses have shown that
prevalent comorbidities and associated multi-drug treatments are the most prominent
factors limiting uptitration in elderly people [18].
During the last 15 years, with the development of a battery-free sensor for the wireless
transmission of PAP values by remote access from the patient’s home [19], clinical trials
have demonstrated that ambulatory guidance of HF treatment using PA-pressure values
resulted in reduced numbers of HF-related hospitalizations and improvement in NYHA
class and quality of life [20].
The most detailed medication analysis so far comes from the randomized CHAMPION
trial [21], where the analysis of medication changes revealed that diuretics were changed
most frequently from all drug classes, and significantly more often in the PAP-treatment
group compared to the control group. The daily diuretic dose increased significantly
within 6 months in both the control and PAP-guided treatment group, whereas doses
of neurohormonal antagonists, such as ACE-I or ARB, beta blockers, and aldosterone
receptor antagonists increased significantly by 4 mg, enalapril-equivalent, 3 mg, carvedilolequivalent, and 4 mg, spironolactone-equivalent in the PAP-guided treatment group, but
not in the control group. In the control and intervention group, guideline-recommended
doses could not be achieved for any of the medications.
The aim of the present early single center study was to assess whether in advanced
elderly HF patients with already clinically optimized medical HF therapy at a tertiary care
center in Germany, a further increase in evidence-based HF medication is possible with the
support of PAP hemodynamic information during a period of 12 months.
2. Methods
Patients in the HF outpatient department, with chronic HF in functional NYHA class
III, individually optimized HF medication, and a cardiac decompensation within the last
12 months, were offered implantation of the PAP sensor CardioMEMS™ and participation
in a single center telemonitoring registry. A total of 31 patients received implantation of
a CardioMEMS™ sensor via right heart catheterization between 2015 and 2017 and were
repeatedly trained in HF care by a European Society of Cardiology-certified HF nurse.
However, only 30 patients were compliant after implantation and regularly (≥5 times per
week) transmitted their data by 12 a.m. each day within 12 months of follow-up, or until
initiation of palliative care or death. A total of 24 patients survived 12 months of follow-up
and thus represent the present analysis cohort.
2.1. Hemodynamic Telemonitoring and Follow-Up
Regular telephone contact was initiated by HF nurses with all patients, using a
standardized questionnaire [adopted from the INH (Interdisciplinary Network for HF)
trial] [22]. The nurses were supported by an HF specialist. According to the telemedical standard operating procedure, weekly telephone contacts were scheduled in the first
4 weeks after implantation, followed by contacts every two weeks from week 5 to week
8 after implantation, and a routine call every 4 weeks from week 9 onward, if no alerts
occurred due to the crossing of the individually adapted optimal PAP target area. We
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applied the hemodynamic-guided HF management previously used in the CHAMPION
trial [23]. In brief, medication was adjusted with the aim to maintain the diastolic PAP
in the range of 8–15 mmHg (optivolemic state), with the goal to first increase guidelinesdirected medical therapies (GDMT) up to the guideline recommended doses before the
adjustment of diuretics. If the patients showed signs of low perfusion, the reduction of
diuretics, fluid repletion, and/or the administration of inotropic agents were considered.
Pressure measurements were reviewed at least weekly in the case of optivolemia and two
to three times per week if diastolic PAP was outside the individually defined optimal range.
Regular outpatient visits were scheduled every 3 months in the HF outpatient department.
For comparison of the diuretic dose, torasemide was converted into a furosemide
equivalent by assuming a ratio of 1:4. All neurohormonal antagonist dose changes, which
were collected via telephone contact or during office visits, were transformed into % of
guideline recommended dose.
All patients provided written informed consent for participation in the single center
registry (NCT03020043). The study complies with the Declaration of Helsinki and was
approved by the local ethics committee.
2.2. Statistics
This study is a retrospective analysis of the first German experience with the hemodynamicguided HF care in an advanced HF cohort of a university hospital. Patient baseline characteristics
were calculated as mean and standard deviation. Dose changes for guideline-directed evidencebased HF medication and changes in PAP values at baseline and follow-up (6 and 12 months
after the implant) were compared using a one-way ANOVA; for 4PAP, a two-way ANOVA
was used. Dose changes for loop diuretics and functional NYHA class at baseline and
follow-up values (6 and 12 months after the implant) were compared using a paired t-test. A
Spearman’s statistical correlation analysis was performed for changes in loop diuretic dose
and PAP diastolic values. Statistical significance was assumed if p < 0.05, and all reported p
values are two-sided. All the statistical analyses, calculations, and graphs were performed
using GraphPad Prism software (version 9.0) for MS Windows (GraphPad Software, San
Diego, CA, USA).
3. Results
The patient baseline characteristics in Table 1 show an elderly advanced chronic HF
cohort (n = 24), mean age of 76 ± 8 years, predominantly male, and except for two patients,
all other patients suffered from HF with reduced ejection fraction (HFrEF). The other two
patients had a current LVEF of 40% with a history of a previous LVEF < 40%, so they were
included in the medication analysis.
Table 1. Baseline characteristics of n = 24 HF-patients.
Age (in years)

76 ± 8

Gender—male; female (n)

19; 5

NYHA class

3

Diabetes mellitus (%)

52

HFmrEF (n)

2

HFrEF (n)

22

ICD/CRT-D/CRT-P/PM (n)

12/6/1/3

NT-proBNP (pg/mL)

2810 ± 2809
(median 1755)

Creatinine (mg/dl)

1.5 ± 0.4

N-terminal pro brain natriuretic peptide (NT-proBNP) values were elevated, and
kidney function was moderately impaired in most patients. All patients received hemody-
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namic telemonitoring with the CardioMEMS™ system for severe NYHA class III HF. Only
21 of 24 patients were tolerating the RAAS blockade: one patient suffered from angioedema
and two patients were intolerant of any RAAS inhibition due to hypotension, in addition
to high potassium levels in one of these patients. A total of 92% of the patients took beta
blockers, and 75% were on MRA (Table 2).
Table 2. Medication at baseline.

ACE-Inhibitor (ACE-I); n (%)
Angiotensin-receptor blocker (ARB); n (%)
Angiotensin receptor blocker
Neprilysin inhibitor (ARNI); n (%)
Beta blocker (BB); n (%)
Mineralocorticoid-receptor
antagonist (MRA); n (%)
Loop diuretics; n (%)

n = 24

% of Guideline
Recommended Dose
(n = 24)

11 (46)
4 (17)

53 ± 25%
55 + 25%

6 (25)

34 ± 50%

22 (92)

42 ± 12.5%

18 (75)

51 ± 50%

22 (92)

-

Overall, systolic blood pressure was within the normal range, despite advanced HF,
but the baseline PA pressure (PAP) was significantly elevated. Hemodynamic analysis
showed that a total of 17 patients suffered from pulmonary hypertension (defined by mean
PAP ≥ 25 mm Hg) [24]. Further classification revealed that n = 6 patients had isolated
postcapillary pulmonary hypertension, one patient could not be classified, and 10 patients
suffered from predominately combined pre- and postcapillary pulmonary hypertension
(Table 3).
Table 3. Hemodynamic baseline parameters.
Systolic Blood Pressure (mmHg)

116 ± 19

PAP systolic (mmHg)

48 ± 16

PAP mean (mmHg)

33 ± 12

PAP diastolic (mmHg)

24 ± 9

PCWP (mmHg)

17 ± 8

PVR

(dyn*s/cm5 )

317 ± 266

At 12 months follow-up, there was no significant change in the neurohormonal blockade dose, when compared to baseline medication (Figure 1A).
Between 2015 and 2017, ARNI was introduced into HF therapy; thus, we observed
increases in ARNI initiation and uptitration, with a parallel decline in ACEI and ARB.
However, none of these changes were significant. In contrast, the loop diuretic dose
increased significantly from the baseline to 6 months of follow-up (p = 0.034) and increased
further until 12 months of follow-up (Figure 1B).
As expected, diuretics were the drugs that were adjusted most frequently, as already
shown in previous trials (n = 317 changes within 12 months), followed by ARNI/ACEI/ARB (n = 24/28/18), BB (n = 57 changes), and MRA (n = 45 changes (Figure 1C)).
Most medication changes occurred within the first 3 months after implantation, demonstrating the efforts to uptitrate medication and achieve optimized diastolic PAP (Figure 1D).
During the 12 months of PAP-guided HF management, we observed a statistically
significant improvement in functional NYHA class from baseline to 6 months (p = 0.015)
and up to 12 months of follow-up (p = 0.014; Figure 2).
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Between 2015 and 2017, ARNI was introduced into HF therapy; thus, we observed
increases in ARNI initiation and uptitration, with a parallel decline in ACEI and ARB.
However, none of these changes were significant. In contrast, the loop diuretic dose in‐
creased significantly from the baseline to 6 months of follow‐up (p = 0.034) and increased
further until 12 months of follow‐up (Figure 1B).
As expected, diuretics were the drugs that were adjusted most frequently, as already
shown in previous trials (n = 317 changes within 12 months), followed by ARNI/ACE‐
I/ARB (n = 24/28/18), BB (n = 57 changes), and MRA (n = 45 changes (Figure 1C)).
Most medication changes occurred within the first 3 months after implantation,
demonstrating the efforts to uptitrate medication and achieve optimized diastolic PAP
(Figure 1D).
During the 12 months of PAP‐guided HF management, we observed a statistically
significant improvement in functional NYHA class from baseline to 6 months (p = 0.015)
and up to 12 months of follow‐up (p = 0.014; Figure 2).
In line with these finding, all PAP values decreased significantly, with an absolute
reduction of systolic PA pressure of 6 mmHg (p = 0.007) and an absolute decline in dias‐
tolic PA‐pressure of 4 mmHg (p = 0.005; Figure 3A).
In order to assess whether the change in the loop diuretic dose is associated with a
reduction in PAP, we correlated the change in the loop diuretic dose with the change of
diastolic PAP. However, the change of diastolic PAP did not correlate with the change in
the loop diuretic dose at 6 months (Figure 3B), nor at 12 months (data not shown). In ad‐
dition, we could not identify any baseline clinical, hemodynamic, or laboratory character‐
istic that predicted the change in PAP or whether a patient could be classified as a “treat‐
ment responder,” defined as a patient with a PAP and diuretic dosage decrease, or a “non‐
responder,” defined as a patient with a PAP increase, despite diuretic increase.

Figure 2. Changes in NYHA class within 12 months of PAP-guided HF therapy.

Figure 2. Changes in NYHA class within 12 months of PAP‐guided HF therapy.
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In line with these finding, all PAP values decreased significantly, with an absolute
of systolic PA pressure of 6 mmHg (p = 0.007) and an absolute decline
8 of in
13 diastolic
PA-pressure of 4 mmHg (p = 0.005; Figure 3A).
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in the loop diuretic dose at 6 months (Figure 3B), nor at 12 months (data not shown).
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system has been implanted into patients who already received drug and device treatments
for HF [8]. Therefore, only minor changes were expected, although it was a prespecified
aim of our registry to use PAP data for further individual uptitration of HF medication.
Second, as expected, the average dosage of ACE-I and ARB declined over time,
whereas ARNI dose and frequency increased non-significantly. This is due to the stepwise
integration of ARNI since 2016, which is within the observation time of the present analysis.
In a previously published report of the MEMS-HF trial, ARNI use was associated with
less use of loop-diuretics compared to non-ARNI use at baseline [25]. In addition, during
9 months of follow-up, the loop diuretic dose increased to a non-significant, smaller extent
in ARNI users compared to non-ARNI users [25]. In our single center cohort, loop diuretic
dose was not significantly different between ARNI users and non-ARNI users, although the
5 patients who were either switched to ARNI or received ARNI dose increases demonstrated
a decline in the loop diuretic dose, in addition to a decrease in PAP. Interestingly, the dose
increases for other HF medications, such as ACE-I/ARB, beta blockers, or MRAs, did not
show a uniform response for diuretic dose or PAP.
With respect to other HF medication, only 50% of the recommended dose of MRA
could be achieved in 16 HF patients, whereas 2 patients could not even tolerate an MRA.
In 16 patients, a non-significant increase in MRA dose could be detected from baseline to
6 months, but this was followed by a subsequent decline until 12 months of follow-up due
to recurrent hyperkalemia episodes. Currently, one would expect that improved results
with a higher percentage of MRA treatment and doses can be expected, because SGLT2
inhibitors reduce the risk of MRA-associated hyperkaliemia [26], and novel potassium
binders like patiromer and sodium zirconium cyclosilicate are now available [27,28] and
are recommended in the ESC 2021 HF guidelines [6].
Most medication changes occurred within the first 3 months, and the frequency of
changes decreased during 12 months of follow-up. This is in line with previous studies
(CHAMPION and MEMS-HF) [21,25], which both showed that the treatment modifications
occur with a great intensity right after PAP sensor implantation. However, the absolute
number of medication changes per patient at 3 months was approximately 5.5 in CHAMPION (treatment group) and 3.2 in MEMS-HF, compared to 14.5 changes per patient within
the first 3 months in the present cohort, which declined to 5.1 changes per patient over the
following 3 months. This difference may be because the present patients were older and
presented with slightly higher PAP and PVR at baseline, which may reflect more advanced
disease. These efforts to optimize PAP with medication modification demonstrate the
workload associated with hemodynamic-guided HF care in advanced elderly patients,
which is critical for the estimation of HF nurse capacity within a telemedical center [29].
The drug class of SGLT-2-inhibitors were not included as antidiabetic nor HF therapy because patients were included into the registry in parallel to the publication of the
EMPA-REG-OUTCOME trial [30] and prior to the updated guideline recommendation
for antidiabetic treatment, 2018 [31]. More recently, the EMBRACE-HF randomized trial
demonstrated that, in HFrEF patients with an implanted PA pressure sensor, Empagliflozin
was associated with rapid reductions in PA pressures that were amplified over time and
appeared to be independent of loop diuretic management [32]. However, this was not
associated with improved quality of life.
Finally, our results show that a significant reduction in PAP values could be achieved,
despite the fact that we could not increase evidence-based HF medication in individually
optimized NYHA class III elderly HF patients. The reduction in PAP was not directly
correlated with diuretic or other medication dosage, suggesting that the decline in PAP
values may be due to better adherence to HF care.
5. Limitations
The present single center registry comprises only 24 patients with hemodynamic
telemonitoring, with analyses of the changes of evidence-based HF medication during
the 12 months of follow-up. The limited patient number is most likely responsible for
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our inability to identify a clear patient profile associated with a positive response to
hemodynamic-guided heart failure therapy. However, the study represents a careful
individual analysis of advanced HF patients being treated in a university outpatient setting.
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