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Abstract

Background The effect of pulmonary hypertension (PH) on right ventricular (RV) afterload is commonly defined by elevation
of pulmonary artery (PA) pressure or pulmonary vascular resistance (PVR). In humans however, one-third to half of the hydrau-
lic power in the PA is contained in pulsatile components of flow. Pulmonary impedance (Zc) expresses opposition of the PA to
pulsatile blood flow. We evaluate pulmonary Zc relationships according to PH classification using a cardiac magnetic resonance
(CMR)/right heart catheterization (RHC) method.

Methods Prospective study of 70 clinically indicated patients referred for same-day CMR and RHC [60 + 16 years; 77%
females, 16 mPAP <25 mmHg (PVR <240 dynes.s.cm >/mPCWP <15 mmHg), 24 pre-capillary (PrecPH), 15 isolated
post-capillary (IpcPH), 15 combined pre-capillary/post-capillary (CpcPH)]. CMR provided assessment of PA flow, and RHC,
central PA pressure. Pulmonary Zc was expressed as the relationship of PA pressure to flow in the frequency domain
(dynes.s.cm ™).

Results Baseline demographic characteristics were well matched. There was a significant difference in mPAP (P < 0.001),
PVR (P = 0.001), and pulmonary Zc between mPAP<25 mmHg patients and those with PH (mPAP <25 mmHg: 47 + 19
dynes.s.cm™>; PrecPH 86 + 20 dynes.s.cm >; IpcPH 66 + 30 dynes.s.cm>; CpcPH 86 + 39 dynes.s.cm™>; P = 0.05). For all
patients with PH, elevated mPAP was found to be associated with raised PVR (P < 0.001) but not with pulmonary
Zc (P = 0.87), except for those with PrecPH (P < 0.001). Elevated pulmonary Zc was associated with reduced RVSWI, RVEF,
and CO (all P < 0.05), whereas PVR and mPAP were not.

Conclusions Raised pulmonary Zc was independent of elevated mPAP in patients with PH and more strongly predictive of
maladaptive RV remodelling than PVR and mPAP. Use of this straightforward method to determine pulmonary Zc may help
to better characterize pulsatile components of RV afterload in patients with PH than mPAP or PVR alone.
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monary arterial coupling
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Introduction to understand and predict how the right ventricle (RV) may

be affected by pulmonary hypertension (PH). To study such
Owing to rapid advances in therapeutics and device technol- effects, it is necessary to describe the pulmonary circulation
ogies, it is of increasing physiological and clinical importance in complete quantitative terms—including both steady-state
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and pulsatile components. The effect of PH on RV afterload is
commonly defined by steady-state indices. That is, an
elevation of the mean pulmonary artery (PA) pressure or pul-
monary vascular resistance (PVR).! Pulmonary vascular resis-
tance, expressed as the ratio of mean pressure to mean flow
in the PA, assumes that the pulmonary vasculature is a
non-elastic conduit with static, non-pulsatile pressure—vol-
ume relationships.>* In humans however, the PA is highly dis-
tensible with pulsatile energy losses 2.5 times greater than
that of the systemic circulation.*® One-third to half of the hy-
draulic power in the PA is contained in pulsatile components
of flow, expressed as the pulmonary impedance (Z).

Characteristic pulmonary impedance (Zc) is a frequency
(Hz)-dependent function encompassing information about re-
sistive, capacitive, and inertial components of vascular hy-
draulic load, as well as the extent of pulse wave reflection.®
Pulmonary Zc was first described in invasive studies of
healthy individuals during the 1960s*>* and, simply put, repre-
sents the relationship of pulsatile pressure to flow.” Pulmo-
nary impedance (Z) at 0 Hz is the ratio of mean PA pressure
(mPAP) to mean flow (commonly known as the total periph-
eral resistance) and is influenced predominantly by small
resistance vessels and left atrial pressure. As the frequency
increases, pulmonary Z is affected by more proximal ele-
ments of the arterial tree. At higher frequencies, the PA pres-
sure—flow ratio is decreased and oscillates around a constant
value from which the characteristic impedance (Zc) is de-
rived. Pulmonary Zc is unique in that it incorporates both
steady-state and pulsatile components of hydraulic load both
from the distal vasculature and proximal vessel respectively.?

It has previously been shown that PA stiffness increases
early during PH, well before overt elevation of PA pressure
occurs.’ Yet, owing to complexities of PA flow measurement
by high-fidelity pressure—flow catheters,>* pulmonary Zc
measurement is seldom performed in routine clinical prac-
tice. Cardiac magnetic resonance (CMR) remains the gold
standard for RV function and volume assessment. There have
also been significant advances in the non-invasive measure-
ment of systemic Zc in healthy individuals'® and cardiovascu-
lar disease states''? using a simultaneous CMR and
applanation tonometric pressure technique. The latter ap-
proach has not easily been translated to the pulmonary circu-
lation as no reliable non-invasive method to measure PA
pressure currently exists. More recently, Fukumitsu et al. val-
idated a combined CMR/right heart catheterization (RHC)
method to determine PVR, compliance, pulmonary Zc, and
wave separation analysis in a small group of patients with
chronic thromboembolic PH (CTEPH).

There is an urgent and presently unmet need to better pre-
dict the response of the RV to adapt to changes in haemody-
namic loading conditions—whether it be due to pulmonary
vasodilator therapies or transcatheter interventions of the
tricuspid valve. Routine, accessible pulmonary Zc estimation
methods remain the key to unlocking this conundrum. The

primary aims of this study were to (i) evaluate pulmonary
Zc according to the PH haemodynamic classification for the
first time and (ii) to determine any correlation between
mPAP, PVR, pulmonary Zc, and RV indices. Our hypotheses
were twofold': that pulmonary Zc estimation would be
independent of mPAP in patients with CpcPH and IpcPH,
but not in those with PrecPH, and? that pulmonary Zc would
be a stronger predictor of RV volumes and function than
steady-state indices (mPAP and PVR).

Methods
Study population

All new patients referred for RHC with a clinical indication for
CMR over a 12-month period were screened for participation
in this study, from which 70 patients were enrolled.
Indications for RHC included known or suspected PH,
pre-transplantation assessment, evaluation of cardiac physi-
ology in patients with structural heart disease, and/or heart
failure assessment. The most common reasons for exclusion
included unable to complete both RHC and CMR protocol,
concurrent pulmonary vasodilator or inotrope therapy, signif-
icant intra-cardiac shunt (Qp:Qs > 1.5) or significant (>2+)
valvular pathology including tricuspid regurgitation. Inade-
quate RHC pressure data due to signal noise or inadequate
CMR flow velocity data due to motion artefact occurred on
9% of occasions (13/140). Each patient underwent
same-day RHC, followed directly thereafter by CMR.

Pre-capillary PH (PrecPH) was defined as an mPAP
>20 mmHg and a PVR >240 dynes.s.cm °. lIsolated
post-capillary PH (IpcPH) was defined as an mPAP
>20 mmHg with a PVR <240 dynes.s.cm > and mPCWP
>15 mmHg. Combined pre- and post-capillary PH (CpcPH)
was defined as an mPAP >20 mmHg and PVR >240 dynes.s.
cm™> and mPCWP >15 mmHg.™® The remaining patients not
fitting into the haemodynamic classification were assigned
to mPAP <25 mmHg group. The local hospital Human Re-
search Ethics committee approved the study. Research was
performed in accordance with local hospital guidelines and
the Declaration of Helsinki. Informed consent was obtained
from all participants.

RHC

RHC was performed whilst subjects were fully awake in
the supine position using a standard 7.5-Fr triple lumen
Swan—-Ganz catheter (Edwards Lifesciences, Irvine, CA) via
the right internal jugular vein. RHC-derived measurements
included right atrial pressure (RAP), systolic pulmonary artery
pressure (sPAP), diastolic PAP (dPAP), mean PAP (mPAP),
pulmonary artery wedge pressure (PAWP), cardiac output
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(CO), and cardiac index (Cl). Pulmonary vascular resistance
(PVR) (expressed as dynes.s.cm™>) was calculated as:
PVR = mPAP (mmHg) — PCWP (mmHg) + CO (L/min) x 80,
where mPAP represents mean pulmonary arterial pressure,
PCWP represents post capillary artery wedge pressure
pressure, and CO represents cardiac output. Cardiac output
was measured using thermodilution as the average of three
measurements with <10% difference.

The PA pressure waveform was obtained in the main PA
0.5 to 1 cm distal to the pulmonic valve. These waveforms
were acquired using S5 Collect software and stored with a
sampling frequency of 300 Hz. Consecutive signals of PA pres-
sure during 15-20 s without large variation were selected. To
remove random noise, pressure signals were smoothed by a
moving-average method for a series of 30 samples. Pressure
signals were divided into each beat according to the R wave
of ECG, if available, or the maximum value of the first deriva-
tive of PA or RV pressure, followed by ensemble average by
10-15 pressure beats as described previously.**

CMR imaging acquisition

CMR studies were performed in a 3-T magnet with dedicated
phased-array cardiac coil during successive end-expiratory
breath-holds (Siemens Magnetom, Erlangen, Germany). Right
ventricular (RV) volume and mass were obtained by
contouring endocardial and epicardial borders on the short
axis at end-diastolic and end-systolic phases. Short-axis images
from the base to the apex of the RV were obtained with a typ-
ical slice thickness and an interslice gap of 5 mm. RV
end-diastolic volume index (EDVI), RV end-systolic volume in-
dex (ESVI), and RV mass index were calculated as RV
end-diastolic volume (RVEDV), RV end-systolic volume
(RVESV), and RV mass divided by body surface area, respec-
tively. Right ventricular ejection fraction (EF) was calculated
as (RVEDV — RVESV)/RVEDV x 100.***® volumetric flow in
the main PA was measured using phase-contrast velocity
quantification. Images of the main PA cross section were ob-
tained with velocity encoding perpendicular to the imaging
plane. Contours were drawn around the main PA cross-section
semi-automatically. The average velocity of the main PA within
the contour of each image was multiplied with the area of the
contour. A volumetric flow curve was plotted with a sampling
period of 12—45 ms. Both flow and the cine images were retro-
spectively gated by the ECG, thus ensuring that the complete
cardiac cycle was covered.*” All CMR analyses were performed
using cvi42 (Circle Cardiovascular Imaging, Calgary, Canada).

Haemodynamic data analysis

Pulmonary Zc (expressed as dynes.s.cm™>) was calculated
using frequency domain analysis of the PA pressure and flow

velocity waveforms®®*! using Matlab v18 software (Natick,

MA). Flow velocity and pressure waveforms were
decomposed into their component harmonics using a fast
Fourier transformation (FFT) for frequencies up to 10 Hz.
Any harmonics were excluded if the modulus was less than
0.1 mmHg for pressure, or less than 5 mL/s for flow
velocity.'® To take into account the difference in heart rate
(HR) between pressure and flow measurements, harmonics
were normalized and interpolated linearly into the nearest in-
teger frequencies, that is, 1, 2, 3 ..., 10 Hz. Pulmonary Zc was
estimated as the mean magnitude of impedance modulus be-
tween 2 and 10 Hz. Systemic Zc was calculated using a previ-
ously reported method of simultaneous CMR/AT acquisition.

Statistical analysis

Data analysis was performed with SPSS-27 (IBM Corporation,
Armonk, NY). Normally distributed variables are presented as
means * SD; non-normally distributed variables are pre-
sented as median [interquartile range (IQR)], unless other-
wise specified. Normality was tested by assessing the mean,
median and standard deviation, and a quantile—quantile plot.
Student’s t-test or Mann—Whitney U test was used to com-
pare variables between patients where appropriate. A Chi-
square test was used to analyse dichotomous variables. A
Pearson’s correlation coefficient calculation was performed
to identify any correlation with mPAP, PVR, pulmonary Zc,
and other variables. P values < 0.05 were considered statisti-
cally significant.

Results

The mean age of the study population was 60 + 16 years, 77%
females. Fifty-four (77%) patients had evidence of PH on RHC,
whereas 16 patients were assigned to the mPAP<25 mmHg
group. Twenty-four (34%) patients had PrecPH, 15 (21%)
IpcPH, and 15 (21%) CpcPH. There were no significant differ-
ences age, sex, height, weight, or body surface area (BSA) be-
tween the mPAP <25 mmHg and PH groups (all P > 0.05).
Baseline characteristics are reported in Table 1.

RHC

Resting RHC data are summarized in Table 2. Mean PA pres-
sure was lowest in mPAP <25 mmHg patients and highest in
patients with PrecPH (mPAP <25 mmHg: 20 + 4 mmHg;
PrecPH: 45 + 14 mmHg; P < 0.001). Pulmonary vascular resis-
tance was lowest in mPAP <25 mmHg patients and highest in
patients with PrecPH (mPAP <25 mmHg: 127 + 43 dynes.s.
cm™>; PrecPH: 492 + 194 dynes.s.cm >; P = 0.001). There
was no significant difference in SVR between mPAP
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Table 1 Baseline demographic characteristics

MPAP <25 mmHg (n = 16) PrecPH (n = 24) IpcPH (n = 15) CpcPH (n = 15) P value
Characteristics
Age, mean years = SD 54 + 17 53 £ 18 60 = 18 64 = 14 0.54
Sex
Female, n (%) 13/16 17/24 12/15 12/15 N/S
Height (cm) 163 £9 166 £ 9 166 £ 9 168 =+ 8 0.39
Weight (kg) 78 £ 18 70 £ 15 82 +9 82 +19 0.16
Body mass index 29.6 = 6.9 255+ 54 29.8 + 6.2 29.1+7.8 0.16
Body surface area 1.9+0.2 1.8 0.2 1.9+0.3 20=+=0.2 0.15
Atrial fibrillation 0 (0%) 6 (25%) 4 (27%) 5 (33%) 0.18
Haemodynamics
Heart rate (bpm) 75 £ 11 75 £ 11 71 £ 16 76 + 22 0.52
Brachial SBP (mmHg) 128 £ 16 124 + 23 135 £ 23 123 £ 25 0.74
Brachial DBP (mmHg) 74 =10 70 = 11 73 =7 73 14 0.39
Mean PAP (mmHg) 20+ 4 45 + 14 309 43 £ 8 P < 0.01
Diastolic PAP (mmHg) 14+4 30 £ 17 24 £ 6 30 £ 8 P < 0.01
CO (/min) 5814 4.4 +1.0 52 +2.1 55+1.7 P < 0.01
Cardiac MRI
Heart rate (bpm) 75 £ 11 73 £ 14 72 £ 19 64 = 14 0.49
LVEF (%) 55 + 12 63 +7 56 + 22 50 + 20 0.02
PA CSA 7.0*+1.9 9.9 +35 6.0x14 9.1+23 0.03
RVEDV (mL/mZ) 154 + 51 174 = 59 148 = 45 216 + 86 1.0
RVESV (mL/mZ) 77 £ 29 105 = 50 84 + 51 148 + 85 0.21
RVEF (%) 50 + 11 42 +12 46 + 20 37 £ 20 0.07
RV SV (mL) 77 = 28 68 = 19 64 + 31 69 = 23 0.17
Max PA flow 339 + 63 332 + 136 324 + 91 291 = 113 P> 0.05
Average systolic PA flow 196 + 41 212 =78 186 = 53 186 = 57 P> 0.05

bpm, beats per minute; CO, cardiac output; CpcPH, combined pre-capillary and post-capillary PH; DBP, diastolic blood pressure; EDVI,
end-diastolic volume indexed; ESVI, end-systolic volume indexed; IpcPH, isolated post-capillary PH; PA, pulmonary artery; PrecPH,
pre-capillary PH; RV, right ventricular; SBP, systolic blood pressure; SD, standard deviation.

Table 2 Steady-state and pulsatile load stratified by PH classification

mPAP <25 mmHg PrecPH IpcPH CpcPH mMPAP <25 mmHg vs. all PH
mPAP (mmHg) 20+ 4 45 + 14 309 43 + 8 P < 0.001
SVR (dyne.s.cm ™) 1238 = 341 1203 * 386 1439 = 631 1412 = 409 0.65
PVR (dyne.s.cmfs) 127 £ 43 492 = 194 159 = 72 380 =78 0.001
Systemic Zc (dyne.s.cm’s) 84 + 42 74 + 29 69 + 16 88 + 28 0.779
Pulmonary Zc (dyne.s.cm ) 47 £ 19 86 = 20 66 *= 30 86 = 39 0.05

CpcPH, combined pre-capillary and post-capillary PH; DBP, diastolic blood pressure; EDVI, end-diastolic volume indexed; ESVI, end-systolic
volume indexed; IpcPH, isolated post-capillary PH; mPAP, mean pulmonary artery pressure; PH, PrecPH, pre-capillary PH; pulmonary hyper-
tension; PVR, pulmonary vascular resistance; SBP, systolic blood pressure; SD, standard deviation; SVR, systemic vascular resistance; Zc,

characteristic impedance.

<25 mmHg patients and those with PH (mPAP <25 mmHg:
1238 + 341 dynes.s.cm ° vs. all PH: 1422 + 618 dynes.s.
cm~>; P = 0.65).

CMR imaging

Right ventricular function and flow data are summarized in
Table 1. Combined pre-capillary and post-capillary PH and
PrecPH groups exhibited poorer RV contractility compared
with the mPAP <25 mmHg and IpcPH groups as expected
(RVEF mPAP <25 mmHg: 50 + 11%; PrecPH: 42 + 12%; CpcPH
37 £ 20%; IpcPH 46 + 20%; P = 0.07). Patients with CpcPH had
a trend towards larger RV end-diastolic/end-systolic volumes
and increased RV stroke volume, albeit this did not reach sta-
tistical significance (all P > 0.05). No significant difference in

maximum or average systolic PA flow was observed between
mMPAP <25 mmHg patients and those with PrecPH and IpcPH
(maximum systolic PA flow mPAP <25 mmHg: 339 + 63 mL/s;
PrecPH: 332 + 136 mL/s; IpcPH 324 + 91 mL/s; all P > 0.05);
however, there was a trend towards reduced maximum flow
in patients with CpcPH as we might have expected (CpcPH
291 + 113 ml/s; P = 0.07). Pulmonary artery cross-sectional
area (CSA) was significantly larger in PrecPH and CpcPH pa-
tients (P = 0.03). Figure 1 shows ensemble average PA flow
velocity curves from the different study populations.

Haemodynamic data analysis

CMR was performed on the same day directly after RHC to
minimize any significant alteration in haemodynamic state.
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Figure 1 (A) Ensemble average RHC-derived PA pressure waveforms
from the different PH study populations. (B) Ensemble average CMR-de-
rived flow velocity waveforms from the different PH study populations.
mPAP <25 mmHg patients are represented in black. CMR, cardiac mag-
netic resonance imaging; PA, pulmonary artery; PH, pulmonary hyperten-
sion; RHC, right heart catheter.
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Study patients had no medications or interventions between
RHC and CMR and HR remained steady (P = N/S). Pressure—
flow analysis permitted quantification of pulmonary Zc and
systemic Zc data, which are summarized in Table 2. Pulmo-
nary Zc was significantly lower in mPAP <25 mmHg patients
than in those with PH (P = 0.05). Pulmonary Zc was highest in
patients with PrecPH (86 + 20 dynes.s.cm °) and CpcPH
(86 + 39 dynes.s.cm™>) lowest in those with IpcPH
(66 *+ 30 dynes.s.cm™>; P < 0.05). There was no significant
difference in systemic Zc between mPAP <25 mmHg patients
and those with PH (all P > 0.05). Figure 2 shows ensemble av-
erage pulmonary Zc spectra graphed as its amplitude and
phase from the different study populations.

Correlation between pulmonary Zc and other
variables

A Pearson’s correlation coefficient was performed to assess
correlation between mPAP, PVR, pulmonary Zc, and variables
thought to be related to increased pulmonary Zc (Table 3 and
Figure 3). For the entire PH cohort, increased mPAP was
found to be associated with raised PVR (P < 0.001;
R? = 0.78) but not pulmonary Zc (P = 0.87; R? = —0.03). These
findings were not uniformly observed across the different PH
sub-populations however. In patients with PrecPH, increased
mPAP was found to be associated with raised PVR (P < 0.001;
R? = 0.94) and with pulmonary Zc (P < 0.001; R = 0.78). How-
ever, there was no association between elevated mPAP and
pulmonary Zc in patients with IpcPH and CpcPH, despite a sig-
nificant correlation with PVR (IpcPH P = 0.03, R* = 0.55;
CpcPH P = 0.01, R? = 0.77). Detailed Pearson’s correlation
data are listed in Table 3 and shown in Figure 3.

Further correlation between pulmonary mPAP, PVR, pul-
monary Zc, and variables thought to be related to RV func-
tion and volumes were performed. For the entire cohort,
elevated pulmonary Zc was found to be significantly associ-
ated with impaired RVSWI (P < 0.001; R* = 0.44), RVEF,
and CO (P = 0.05, R? = 0.21) as well as non-significantly
associated with increased RVEDV and RVESV (P = 0.08).
Weaker predictive relationships were observed between in-
dices of steady-state load (PVR, mPAP) and RV function
and volumes. Elevated PVR was associated with reduced
RVSWI (P < 0.001; R? = 0.42), but not with RVEF, RVCO,
or RVEDV/ESV (all P > 0.05). There was no significant
association between mPAP and RVSWI, RVEF, and RVCO
(all P > 0.05), although a correlation between raised mPAP
and increased RVEDV and RVESV was observed (P = 0.04,
R?* = 0.25). Elevated mPAP, PVR, and pulmonary Zc were
all significantly associated with increased RA volume
(all P < 0.05).

Discussion

In this study, we demonstrate that pulmonary Zc was (i)
higher in all patients with PH and (ii) that pulmonary Zc mea-
surement was independent of elevated mean pulmonary ar-
tery pressure in patients with PH whereas PVR was not, ex-
cept for those with PrecPH. Elevated pulmonary Zc was
associated with reduced RVSWI, RVEF, and CO (all
P < 0.05), whereas PVR and mPAP were not. We build on
previous historical invasive>>*® and contemporary CMR fea-
sibility studies®** to demonstrate that only pulmonary Zc is
able to provide independent information about the pulsatile
pressure—flow relationships of the pulmonary vascular bed
and right heart.
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Figure 2 Ensemble average pulmonary Zc spectra graphed as its (A) amplitude and (B) phase in different PH study populations (mPAP <25 mmHg
patients are represented in black). Pulmonary Zc is a frequency (Hz)-dependent function encompassing information about resistive, capacitive, and
inertial components of vascular hydraulic load as well as the extent of pulse wave reflection. Results are reported as spectra of amplitude and phase
vs. frequency (Hz). Pulmonary Zc spectra in all patients with PH demonstrate increases of both the steady component (increased resistance) and os-
cillatory component (elevated pulmonary Zc as well as increased pulse wave reflection) of hydraulic load. In mPAP <25 mmHg patients (black), the first
minimum occurred around 1 Hz, with little variability in the spectra, including the zero-frequency term (i.e. PVR) and pulmonary Zc. The phase re-
mained close to zero until 2 Hz, after which it was more positive. The average pulmonary Zc was approximately 37% of the PVR. In IpcPH patients
(orange), the impedance spectra resembled that of mMPAP <25 mmHg patients with the first minimum occurring around 1 Hz. IpcPH patients, however,
had slightly higher amplitudes of pressure for each harmonic, with the phase progressively positive after 2 Hz. The average pulmonary Zc was approx-
imately 42% of the PVR. In PrecPH patients (red), the pulmonary Zc spectra appeared qualitatively similar to that of the systemic circulation. Ampli-
tudes of harmonics of pressure and flow were higher, with more variability, less rounded waveforms, and steeper phase angles. The first minimum
occurred around 1 Hz, and the second minimum at 5 Hz. The average pulmonary Zc was approximately 17% of the PVR. The phase remained close
to zero until 2 Hz, after which it became positive. In CpcPH patients (blue), amplitudes of harmonics of pressure and flow were also higher than control
and IpcPH cohorts, albeit with less variability and a pulmonary Zc to PVR ratio of 23%. CpcPH, combined pre-capillary and post-capillary PH; IpcPH,
isolated post-capillary PH; PH, pulmonary hypertension; PrecPH, pre-capillary PH; PVR, pulmonary vascular resistance; Zc, characteristic impedance.
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Table 3 Pearson’s correlation of PVR and Pulmonary Zc according to PH subclass
Control All PH PreCPH IpcPH CpcPH
PVR (dyne.s.cm™>) 0.04;R> =053 P<0.001;R>=0.78 P<0.001;R>=0.94 0.03;R*=0.55 0.01;R>=0.77

Pulmonary Zc (dyne.s.cm ®)  0.58; R> = —0.15  0.87;R* = —0.03 P <0.001;R* =0.78 0.64;R* = —0.13 0.17; R = 0.45

mPAP, mean pulmonary artery pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; Zc, characteristic impedance.
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Figure 3 Correlation between pulmonary Zc and PVR according to PH sub-classification. There was no significant association between elevated mPAP
and pulmonary Zc in patients with IpcPH and CpcPH despite correlation with PVR. CpcPH, combined pre-capillary and post-capillary PH; IpcPH, isolated
post-capillary PH; mPAP, mean pulmonary artery pressure; PH, pulmonary hypertension; PrecPH, pre-capillary PH; PVR, pulmonary vascular resistance;

Zc, characteristic impedance.

Pulmonary Zc (dyne.s.cm-5)
N W s QN 0O
S o O o o o o <o

o o

=1

140

100
80
60
40
20

Pulmonary Zc (dyne.s.cm-5)

160
140
120
100
80
60
40
20

Pulmonary Zc (dyne.s.cm-5)

180
160
140
120
100
80
60
40
20

Pulmonary Zc (dyne.s.cm-5)

mPAP<25mmHg

y =-0.1625x + 49.988
R?=-0.15

10 20 30 40
mPAP (mmHg)

PrecPH

y = 0.7406x + 52.966

R2=0.78
20 40 60 80
mPAP (mmHg)
IpcPH

y=1.2733x +27.785
2=-0.13

10 20 30 40 50 60
mPAP (mmHg)

CpcPH

y=2.0378x - 1.5061
R?2=0.45

10 20 30 40 50 60
mPAP (mmHg)

PVR (dyne.s.cm-5) PVR (dyne.s.cm-5) PVR (dyne.s.cm-5)

PVR (dyne.s.cm-5)

200
180
160
140
120
100
80
60
40
20

1200

1000

800

600

400

200

300

250

200

150

50

600

500

400

300

200

100

mPAP<25mmHg
o® -
e o
[ J
.‘,'.
[}
°
°
y =6.8472x - 10.708
R>=0.53
5 10 15 20 25 30 35
mPAP (mmHg)
PrecPH
[}
[}
)
o
y=11.032x -4.2118
R2=0.94
20 40 60 80
mPAP (mmHg)
IpcPH
y =4.3594x +27.492
R2=0.55
10 20 30 40 50 60
mPAP (mmHg)
CpcPH
° )
e ..
....... o® ®
)
)
y=4.2183x + 199.88
R2=0.77
10 20 30 40 50 60

mPAP (mmHg)

ESC Heart Failure 2023; 10: 1811-1821
DOI: 10.1002/ehf2.14180



1818

S.L. Hungerford et al.

Pathophysiology of haemodynamic changes in
pulmonary hypertension

The most important factors influencing PA pressure are
hydrostatic pressure, intra-alveolar pressure, left atrial
pressure, and alveolar gases.?® Increases in mean PA pressure
may be passive (as a result of increased downstream pressure
as in IpcPH) or hyperkinetic (as a result of increased cardiac
output) or due to increased resistance from changes in the pul-
monary circulation itself, as in the case of PrecPH or CpcPHto a
lesser extent.?® With advances in therapeutics and device tech-
nologies, it is of increasing physiological and clinical importance
to understand and predict exactly how the PA is affected by PH.
To study such effects, it is necessary to describe the pulmonary
circulation in complete quantitative terms—including both the
PVR and pulmonary Zc. Only pulmonary Zc, as demonstrated in
this study, provides independent information about the pulsa-
tile pressure—flow relationships of the pulmonary vascular
bed across the spectrum of PH. That is, we found no association
between elevated mPAP and pulmonary Zc in patients with
IpcPH and CpcPH, despite a good correlation with PVR. There
was, however, strong correlation between mPAP, PVR, and pul-
monary Zc in patients with PrecPH. This finding suggests that
the process of vascular wall remodelling, thrombosis, and vaso-
constriction that is synonymous with PrecPH may be fixed or
less reversible than other PH disease states. Monitoring pulmo-
nary Zc response to pharmacological testing in PrecPH may
yield further information about the potential treatable vaso-
constrictive component of reversibility in these patients.

Right ventricular adaptation to afterload

The normal pulmonary vascular bed is a low-pressure, low-resis-
tance, high-compliance system capable of accommodating large
increases in blood flow with minimal elevation of mPAP or
PVR.*! In normal physiological conditions, the right heart is
coupled to the pulmonary vasculature by relative matching be-
tween contractility and afterload. As PH develops, the vascular
bed becomes a high-pressure, high-resistance, low-compliance
circuit that starts to resemble that of the systemic circulation.*
The effect is to impart additional load on the right ventricle and
alter RV-PA coupling.”® Irrespective of the underlying cause, the
right ventricle must adapt to the increase in afterload with com-
pensatory hypertrophy to preserve efficient RV-PA coupling.
Eventually, sustained pressure overload encumbers RV contrac-
tile performance from which RV-PA decoupling ensues.?

Evolution of techniques to assess pulmonary
impedance

Impedance of the pulmonary circulation was first described
in invasive studies of healthy human subjects during cardiac

catheterisation in the 1970s and 1980s.>*%*>%% |In a seminal
study by Murgo et al., pulmonary Zc was determined to be
20 + 1 dynes.s.cm ° (with an average mPAP ranging
between 13.7 and 14.9 + 0.9 mmHg) in 10 subjects.>* The
pulmonary Z spectra in these subjects were qualitatively
similar to the systemic Z spectra, although the ratio of PVR
to Zc was smaller, with reduced phase angles due to less
wave reflection. More recently, Oakland et al. measured
pulmonary Zc and wave reflection coefficient invasively in
cohort patients with varying types of PH. Oakland’s pulmo-
nary Zc values were comparable with those obtained in the
present study; however, it is important to note the flow
was obtained invasively using a traditional flow catheter,
and Zc itself was estimated from a novel index combining
RV pressure at peak flow, pressure at dP/dt (min), ejection
duration, HR, and CO.

The technical aspects of custom-designed right heart
multi-sensory catheters containing solid-state pressure sen-
sors and electromagnetic flow velocity probes have been de-
scribed previously.>*?*?* Difficulties including frequency re-
sponse, drift characteristics, and calibration techniques have
significantly limited its widespread use.?* Instead, assessment
of RV afterload in clinical practice is often considered in terms
of mPAP and PVR, despite one-third and one-half of the
hydraulic power in the PA is contained in the pulsatile com-
ponents of flow, and thus overlooked.*

Owing to complexities of invasive assessment, feasibility of
transthoracic echocardiography (TTE) for pulmonary Zc mea-
surement has been explored. In 2014, Huez et al. measured
pulmonary Zc during RHC and Doppler echocardiography in
patients with PrecPH.>> Pulmonary Zc was calculated from
the spectral analysis of synchronized PA pressure and flow
waves in 22 patients, with a mean Zc of 124 + 11 dynes.s.
cm > and mPAP of 63 + 3 mmHg reported. Mean pulmonary
Zc values were higher in this study than those by Murgo
et al.*® or observed in our cohort, owing presumably due to
a higher mPAP. Nevertheless, in both the study by Huez
et al. and in the present study, the pulmonary Zc spectra
were markedly shifted to higher-than-normal pressure and
flow frequencies in patients with PrecPH. Again, despite the
convenience of TTE methods, RV function and flow waves
obtained by Doppler echocardiography are considered less
robust and reproducible than those obtained at CMR, primar-
ily due to operator dependency and the superiority of
axisymmetrical flow velocity averaging over the CSA of the
PA by CMR.

In recent years, there have been significant advances in
non-invasive measurement of systemic Zc in healthy human
subjects®® and cardiovascular disease states (i.e. obesity, hy-
pertension, and aortic stenosis)'*** using a simultaneous
CMR and AT technique (the latter from which central aortic
pressure can be derived from a radial tonometer). This ap-
proach is not easily translated to the pulmonary circulation
however, as no reliable non-invasive measure of PA pressure
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exists. Most parameters of PA stiffness (including PA compli-
ance, distensibility, capacitance, elasticity, and stiffness index)
still require a combined approach of RHC measurement of PA
pressure with non-invasive measurement of change in PA
diameter or CSA within the cardiac cycle on CMR.*® More
recently, Fukumitsu et al. described the effects of chronic
thromboembolic PH (CTEPH) on PA pressure waveform and
RV wall stress using a combined CMR/RHC method from
which the methods in this study are derived. Right heart
catheter-derived PA pressure and CMR-derived PA flow data
were retrospectively analysed to determine PVR, compliance,
pulmonary Zc, and wave separation analysis. Fukumitsu et al.
reported pulmonary Zc values higher than those in our study
most likely due to the recruitment of CTEPH patients only.
Other limitations were (i) a smaller sample size, (ii) the retro-
spective nature of the research, and (iii) pressure and flow
curves acquired non-simultaneously (a median of 1 day
apart).

To our knowledge, this is the first study to prospectively
analyse PA pressure, CMR flow velocity, RV volume and func-
tion data to determine the relationship between mPAP, PVR,
and pulmonary Zc according to PH haemodynamic classifica-
tion. Reassuringly, we found pulmonary Zc to be most ele-
vated in patients with PrecPH. Elevated mean PA pressure
was associated with raised pulmonary Zc in patients with
PrecPH, but not across the entire PH cohort or those with
IpcPH and CpcPH. Our findings suggest that pulmonary Zc
may be increased in patients in PH well before overt
elevation of mPAP or PVR occurs. Pulmonary Z spectra were
reassuringly similar to previous historical invasive studies of
pulmonary Z spectra in patients both with and without
PH.%#?32% Elevated pulmonary Zc was associated with im-
paired RV function and increased volumes, whereas PVR
and mPAP were not uniformly.

Limitations

We have evaluated a straightforward method by which pul-
monary Zc may be estimated during routine PH workup.
Our method combines ‘gold standard’ invasive and
non-invasive tools to measure PA pressure, RV volume, and
PA flow, which are then combined to provide high-quality
pulmonary Zc assessment. Nonetheless, some limitations do
exist. The study cohort is relatively small. We were not able
to perform RHC simultaneously with CMR as performed in
some other laboratories due to technical constraints. It is
possible that an alteration in haemodynamic loading condi-
tions occurred between RHC and CMR study that may have
affected results to an extent; however, every care was taken
to ensure stable supine resting conditions for both measure-
ments with no significant change in HR. Given the promising
preliminary results of our study, validation with a pharmaco-
logical agent to improve PA vasodilation would be beneficial.

We would expect pulmonary Zc to be more sensitive than
steady-state indices to the dynamic effect of pulmonary vaso-
dilators and inotropes. High-fidelity PA catheters may provide
a higher frequency waveform for more accurate measure-
ments but to date have significantly limited reproducibility
and adoption of the technique.

Conclusions

Assessment of RV afterload in patients with PH is often con-
sidered in terms of mPAP and PVR, and yet, this overlooks the
important pulsatile contributions of hydraulic power in the
PA.>* We demonstrate that pulmonary Zc can be readily de-
termined using RHC-derived pressure and CMR-derived flow
data and in so doing evaluate changes to the pulmonary Zc
spectrum according to PH haemodynamic classification. We
demonstrate pulmonary Zc measurement to be independent
of elevated mPAP in patients with PH and PVR is not, except
for those with PrecPH. Elevated pulmonary Zc was more
strongly associated with impaired RV contractility and in-
creased RV volumes than steady-state indices. The ease of
this technique may encourage more widespread adoption
of pulmonary Zc as the importance of interaction between
the pulmonary vasculature and RV function is increasingly
being sought. The value of this technique in better defining
patient prognosis and of predicting clinical outcomes of
medical and interventional therapies for PH remains to be
determined.

Perspectives

Owing to rapid advances in therapeutics and device technolo-
gies, it is of increasing physiological and clinical importance to
understand and predict how the right ventricle may be affected
by PH. To study such effects, it is necessary to describe the pul-
monary circulation in complete quantitative terms—including
both steady-state (i.e. PVR) and pulsatile (i.e. pulmonary Zc)
components. We demonstrate that pulmonary Zc can be reli-
ably determined using a straightforward RHC/CMR method.
This ease of this technique may encourage more widespread
adoption of pulmonary Zc to assess RV afterload.
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CENTRAL ILLUSTRATION: Pulmonary characteristic impedance by cardiac magnetic resonance/right heart catheterisation.
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