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Intracardiac Doppler Echocardiography for Monitoring
of Pulmonary Artery Pressures in High-Risk Patients
Undergoing Transcatheter Aortic Valve Replacement

Silvana M€uller, MD, Corinna Velik-Salchner, MD, Michael Edlinger, MSc, PhD, Nikolaos Bonaros, MD,
Anneliese Heinz, MD, Gudrun Feuchtner, MD, and Thomas Bartel, MD, PhD, Innsbruck, Austria; and

Abu Dhabi, United Arab Emirates

Background: Uncontrolled pulmonary hypertension may cause worse outcomes after transcatheter aortic
valve replacement (TAVR), while hemodynamic monitoring is desirable for risk control. Pulmonary artery pres-
sure (PAP) readings obtained by intracardiac Doppler echocardiography were evaluated.
Methods: In 114 patients with symptomatic aortic stenosis andmedian Society of Thoracic Surgeons scores of
10.5% (interquartile range, 7.7%–15.0%), transfemoral and transapical TAVR was guided by intracardiac
Doppler echocardiography. The continuous-wave Doppler beam interrogated the jet of tricuspid regurgitation
from the ‘‘home view’’ position. Systolic PAP (PAPs) was estimated as the sumof the pressure gradient derived
from themaximum transtricuspid regurgitation jet velocity and the central venous pressure. Mean PAP (PAPm)
was calculated by the mean gradient method (1) and the Chemla formula (2). Measurements were obtained
immediately before and after TAVR.
Results: Pre- and postinterventional readings showed marginal pressure underestimation in comparison with
measurements derived from right-heart catheterization: PAPs, �2.7 (95% CI, �3.3 to 2.1) and �1.4 (95% CI,
�1.9 to �0.9); PAPm by the mean gradient method, �1.9 (95% CI, �2.2 to �1.6) and �0.1 (95% CI, �0.4 to
0.2). Agreement (95% limits) for PAPs was �8.6 to 3.2 and �6.8 to 4.0; agreement for PAPm by the mean
gradient method was �5.4 to 1.6 and �3.4 to 3.2. The repeatability coefficient (95% limits of agreement)
for PAPs was excellent: 3.4 (�4.2 to 2.5) and 5.5 (�5.3 to 5.8); repeatability for PAPm was higher by the
mean gradient method than by the Chemla method. In $85% of patients with pulmonary hypertension,
PAPm improved after valve deployment.
Conclusions: Intracardiac Doppler echocardiography–derived monitoring of PAP by the mean gradient
method is accurate and well applicable to high-risk TAVR candidates for intraprocedural risk control. (J Am
Soc Echocardiogr 2015;-:---.)

Keywords: Aortic stenosis, Pulmonary hypertension, Transcatheter aortic valve replacement, Intracardiac
echocardiography, Hemodynamic monitoring
Transcatheter aortic valve replacement (TAVR) offers predictable out-
comes and has been established as a valuable alternative to open
heart surgery in high-risk and inoperable patients with symptomatic
aortic stenosis (AS).1-3 Many patients with end-stage AS who are can-
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didates for TAVR have pulmonary hypertension (PH) resulting from
‘‘backward transmission’’ of increased left ventricular filling pressure
and secondary pulmonary vasculature abnormalities. PH has been
shown to be an independent predictor of mortality after valve
replacement and is not only associated with a poor long-term
prognosis but can also be a critical factor during TAVR, particularly
in very high risk patients.4,5,6 It may regress when congestion
improves after TAVR.7,8 Particularly in very high risk individuals,
intraprocedural monitoring of pulmonary artery pressure (PAP)
therefore plays a role, because it helps avoid intrainterventional
deterioration9 and identify those individuals whose PH immediately
regresses.10 Doppler echocardiography is commonly used to estimate
PAP, while right-heart catheterization (RHC) represents the gold stan-
dard for providing accurate measurements. Provided that the sound
conditions are sufficient and the Doppler beam is well aligned with
the tricuspid regurgitant jet, reproducibility and reliability of transtho-
racic echocardiography (TTE) for calculating systolic PAP (PAPs) and
mean PAP (PAPm) have been repeatedly demonstrated.11-14
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Abbreviations

AS = Aortic stenosis

CVPm = Mean central venous

pressure

ICDE = Intracardiac Doppler
echocardiography

PAP = Pulmonary artery
pressure

PAPm = Mean pulmonary
artery pressure

PAPs = Systolic pulmonary

artery pressure

PH = Pulmonary hypertension

RHC = Right-heart

catheterization

TAVR = Transcatheter aortic

valve replacement

TTE = Transthoracic

echocardiography
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In certain respects, intra-
cardiac echocardiography was
found to be advantageous for
intraprocedural guidance of
TAVR.15-17 Intracardiac Doppler
measurements have not been
validated, however. We
hypothesized (1) that intracardiac
Doppler echocardiography
(ICDE) permits PAP monitoring
in high-risk patients during
TAVR and (2) that ICDE-based
calculations of PAPs and PAPm
yield satisfactory agreement with
invasive measurements and have
high repeatability.
METHODS

Population

A total of 114 consecutive
patients with symptomatic AS
underwent transfemoral, trans-
Figure 1 ‘‘Home view’’: the ultrasound catheter tip is positioned
in the right atrium (RA) and slightly tilted toward the right
ventricle (RV), aligning the continuous-wave Doppler beam
with tricuspid regurgitant flow. LV, Left ventricle.
apical, or transaortal TAVR at the Medical University Innsbruck, as
recommended.18 In all individuals, 23-, 26-, or 29-mm Edwards
SAPIEN XT or Edwards SAPIEN 3 transcatheter heart valves
(Edwards Lifesciences, Irvine, CA) were implanted under general
anesthesia or under local anesthesia plus intravenous sedation, also
known as monitored anesthesia care. Subjects underwent simulta-
neous invasive and ICDE-based determination of PAPs and PAPm.
Data collection was prospective, and the investigation was approved
by the Institutional Review Board of the Medical University
Innsbruck. All patients gave informed consent. The prospective study
complied with the Declaration of Helsinki.
ICDE-Based Calculations of PAP

An 8-FAcuNav catheter (Siemens Healthcare, Erlangen, Germany)
was advanced through the inferior vena cava. The ‘‘home view’’19 dis-
playing the tricuspid valve and the right ventricle from the middle of
the right atrium was the standard approach. From that position, color
Doppler depicts tricuspid regurgitant flow. The continuous-wave
Doppler beam can be easily aligned with the regurgitant flow by
slightly tilting the tip of the catheter (Figure 1). Maximum and
mean systolic right ventricular–to–right atrial pressure gradients
were determined using the modified Bernoulli equation (4 � [peak
tricuspid regurgitant velocity]2) by tracing the maximum tricuspid re-
gurgitant time-velocity integral (Figure 2). Readings before and after
TAVR were obtained while ventilation was stopped and a hemody-
namic steady state achieved. All measurements were performed
twice by two observers blinded to each other’s findings, and all results
were averaged.
Pressures were determined as follows:(1) PAPs: sum of maximum

right ventricular–to–right atrial gradient and invasively measured
mean central venous pressure (CVPm)

20;(2) PAPm: mean gradient
method12 (i.e., the sum of the mean right ventricular–to–right atrial
gradient and invasively measured CVPm); and (3) PAPm: Chemla for-
mula21 (0.616 � PAPs + 2 mm Hg).
An echocardiographic examiner meeting the level III criteria of
the American Society of Echocardiography manipulated the
ICDE catheter and operated the ultrasonographic unit through
a sterile drape.22 Because the echocardiographer was also experi-
enced in invasive techniques, he or she also assisted with the
intervention.
Invasive Measurements

A senior anesthesiologist inserted a Swan-Ganz catheter through a
standard transjugular approach. Pressure measurements were done at
end-expiration and monitored throughout the TAVR procedure. A
third observer who was unaware of the echocardiographic results al-
ways obtained pre- and postinterventional recordings of PAP under
steady-state conditions and simultaneously with the intracardiac
Doppler echocardiographic readings.
Statistical Analysis

Depending on the distribution of the continuous data, results are
presented as mean 6 SD or as medians and interquartile ranges.
PAP measurements performed as described above were compared
with the conventional catheter-based method (gold standard) to
assess the level of agreement. This was accomplished with Bland-
Altman plots showing the difference between the measurement



Figure 2 ICDE reveals right ventricular and right atrial flow velocities and pressure gradients derived from the tricuspid regurgitant
time-velocity integral. RA, Right atrium; RV, right ventricle; TR, tricuspid regurgitation.
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methods against their average for each patient, thus quantifying the
variation in between-method differences for individual patients and
thereby indicating the amount of agreement between methods. The
mean difference across the average values is an indicator for a possible
bias. In addition, the variation of the mean was used to calculate the
95% limits of agreement (1.96 � SD of the differences). This is the
range within which most differences will lie and serves as a reference
interval.23

Because the ICDE-based measurements were considered
possibly liable to interobserver variation, the repeatability of the
measurements obtained by both observers was also assessed as
suggested by Bland and Altman.23 The agreement between two
measurement methods is compared with the agreement each
method has with itself (here only for the ICDE-based measure-
ments), relevant because the repeatability limits the amount of
agreement that is possible. To this end, repeatability coefficients
were calculated, indicating the expected range of 95% of the dif-
ferences between the two observers. If the corresponding 95%
limits of agreement are similar to the range defined by the plus-
or-minus repeatability coefficient, the extent of the lack of agree-
ment between the methods is explained by the amount of lack
of repeatability. All data were processed using SPSS version 19
(SPSS, Chicago, IL) and MedCalc version 13 (MedCalc Software,
Mariakerke, Belgium).
RESULTS

Study Population and Procedural Outcome

Baseline characteristics of the study population are summarized in
Table 1. Overall, the patients represented a very high risk popula-
tion, both with respect to their expected natural courses and in
terms of their risk with standard surgical valve replacement.
Most individuals presented with PH due to chronic obstructive pul-
monary disease, congestion, or both. Valve implantation was
completed in all patients. There were no intraprocedural deaths.
Thirty-day mortality was 7% (n = 8): one patient (patient 92) expe-
rienced left main coronary occlusion, was taken for conversion to
open heart surgery, and died on the second postoperative day.
This complication was indirectly diagnosed when ICDE displayed
akinesia of the anterior wall. Two other patients (patients 56 and
68) died of myocardial infarctions on days 2 and 15, respectively.
Another patient (patient 95) developed pericardial hemorrhage
due to myocardial wire perforation, directly visualized by ICDE,
and died on day 1. Two deaths were due to pneumonia and sub-
sequent septic shock followed by hemodynamic decompensation
(patients 15 and 28, both on day 7). One death was caused by ter-
minal renal failure (patient 43, on day 21), and one was due to
multiple-organ failure (patient 14, on day 17). Paravalvular leaks
were found in 44 patients (39%): no grade III leaks, one grade
II leak (1% of all patients), and 43 grade I leaks (38% of all
patients).
ICDE-Based Determination of PAP

Recordable levels of tricuspid regurgitation and measurable jet veloc-
ities were found in all patients. ICDE generally revealed a small bias
toward lower pre- and postinterventional PAPs values compared
with conventional catheter-based measurements (Figure 3). In detail,
postinterventional results had an even smaller bias and slightly better
agreement compared with preinterventional data. Both Bland-
Altman plots (Figure 3) show that the scatter ranges taper toward
the right, which is indicative of higher accuracy in the upper
measuring ranges.

ICDE-based determination of PAPm was in good agreement with
invasive measurements (Figures 4 and 5). Comparing both methods
of preinterventional PAPm determination, data from the mean
gradient method showed a slightly larger bias toward lower values
than data derived with the Chemla formula, but the 95% limits of



Table1 Baselinecharacteristicsof thepatient population (n=114)

Variable Value

Age (y) 83 (80–85)

Body mass index (kg/m2) 25.2 (4.2%)

Women 62 (54%)

EuroSCORE II (%) 3.66 (2.65–4.99)

STS risk score (%) 10.6 (7.7–15.6)

APmean (mm Hg) 68 (62–75)

Ejection fraction (%) 49 6 14

PAPs, median (SD) (mm Hg)* 48 (13)

PAPm, median (SD) (mm Hg)* 32 (8)

PH 93 (82%)

S/P pulmonary embolism 3 (3%)

COPD 36 (32%)

Smokers 6 (5%)

Diabetes mellitus, 21 (18%)

Medications

ACE inhibitors 39 (34%)

Diuretics 83 (73%)

b-blockers 52 (46%)

Digitalis 7 (6%)

Calcium antagonists 16 (14%)

Nitrates 11 (10%)

AT II receptor antagonists 16 (14%)

Balloon valvuloplasty 13 (11%)

S/P PTCA 24 (21%)

Coronary artery disease 55 (48%)

Peripheral artery disease 29 (25%)

S/P heart surgery 24 (21%)

Arterial hypertension 92 (81%)

TAVR access

Transaortal 16 (14%)

Transapical 37 (32%)

Transfemoral 61 (54%)

Aortic valve area (mm2) 0.55 6 0.16

PGmean (mm Hg) 45 (39–60)

Other valve disease

Mitral regurgitation

No 6 (5%)

Grade I 77 (68%)

Grade II 31 (27%)

Tricuspid regurgitation

No 0 (0%)

Grade I 92 (81%)

Grade II 22 (19%)

ACE, Angiotensin-converting enzyme; AP, arterial pressure; AT,
angiotensin; COPD, chronic obstructive pulmonary disease; Euro-

SCORE, European System for Cardiac Operative Risk Evaluation;

PG, pressure gradient; PTCA, percutaneous transluminal coronary

angioplasty; S/P, status post; STS, Society of Thoracic Surgeons.
Data are expressed asmedian (interquartile range), number (percent-

age), or mean 6 SD except as indicated.

*Measurements taken by diagnostic RHC before TAVR.
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agreement had a smaller range, which is indicative of better
agreement of data derived using the mean gradient method
(Figure 4). For post-TAVR data, the bias of both methods was mar-
ginal, while the 95% limits of agreement showed similar patterns
compared with the preinterventional ones (Figure 5).

The repeatability of the ICDE-based measurements obtained by
both examiners is presented in Table 2. The repeatability coefficients
of all three ICDE approaches before TAVR were smaller than those
afterward, but all were <6.0 mm Hg. Consequently, the interob-
server variability for all examined methods can be considered low.
Also, all coefficients conformed with the corresponding limits
of agreement, with even the least similar PAPs measurement
before TAVR having 95% of the differences between �3.4
and + 3.4 mm Hg, compared with the 95% limits of agreement of
�4.2 to 2.5 mm Hg. Hence, with good repeatability and no indica-
tion of other factors involved, the agreement evaluation of the
ICDE-methods seems sound.
Regression of PH

Compared with RHC-derived measurements, baseline measure-
ments using the mean gradient method12 as well as the Chemla
formula21 confirmed the vast majority of patients to have PH, defined
as PAPm > 25 mm Hg. About one third of those patients showed
immediate regression of PH, defined as any decrease in PAPm by
$5 mm Hg after valve deployment (Figure 6). However,
preintervention-to-postintervention TAVR changes of ICDE-derived
PAPm were moderate, as was the number of patients who were
immediately freed from PH after valve deployment (Table 3).
DISCUSSION

To the best of our knowledge, this is the first demonstration that echo-
cardiography, particularly ICDE, is an effective tool for monitoring
PAP during TAVR in high-risk patients (Society of Thoracic
Surgeons score > 10%)24 with PH. Pre- and postinterventional
ICDE-based calculations of PAPs and PAPm were shown to be highly
accurate and repeatable and had only a minimal tendency toward un-
derestimation. In contrast, it is well known that under- and overesti-
mation of TTE-derived pressure calculations from tricuspid
regurgitant jet velocities occur in about 40% of patients,11 with a stan-
dard error range of 5 to 9 mm Hg.25,26 In the present investigation, a
high degree of agreement was found with all three approaches,
specifically with the mean gradient method and results obtained
after TAVR. Our results also demonstrate that improvement of
echocardiography-derived PAP, previously described to occur in
about 80% of patients with PH within 3 months,8 can be expected
immediately after TAVR.

The high validity of the ICDE-based measurements is due to the
facts that the sound window is ideal and that almost no flow/beam
alignment error exists when interrogating the tricuspid regurgitant
jet with Doppler for subsequent spectral analyses. The sensitivity of
ICDE for detecting tricuspid regurgitation and its suitability for
measuring regurgitant jet velocity in TAVR candidates is optimal.
Precise and continuous invasive measurement of CVPm during
TAVR procedures may be another reason for the high agreement
and repeatability of calculated parameters, because estimation of right
atrial pressure providing the basis for TTE-derived data remains a
source of error for echocardiographic determination of PAP.27 The re-
sults also demonstrate that the quality of PAPm data calculated with



Figure 3 Bias and agreement between ICDE-based and conventional catheter-based (Cath) determination of PAPs before (dark blue)
and after (ocher) TAVR.
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the Chemla formula21 lags slightly behind that of the mean gradient
approach.12 However, the trend toward inferiority of the Chemla
method may be inherent to our specific approach, including direct
measurement of CVPm, and cannot be transferred to TTE-based
determination of PAPm.

28

Patients with severe PH are poor candidates for conventional aortic
valve replacement29 and are therefore often considered for TAVR. In
those individuals, worsening of PH during TAVR can be indicative of
complications or otherwise cause deterioration. Particularly given that
many adverse events are not easily detectable at an early stage, moni-
toring of PHmay facilitate early recognition and subsequent response.
In worsening PH, every effort should be made to correct triggering
points (e.g., intrinsic end-expiratory pressures, inspiratory
pressures > 30mmHg, permissive hypercapnia, acidosis, hypoxemia,
systemic hypotension, and any stress caused by pain and shaking with
cold).9,30,31 Patients under monitored anesthesia care particularly
have a disposition to hypercapnia. In addition, optimization of
preload, systemic vascular resistance, and left ventricular
performance contributes much to keeping intrainterventional PH
well controlled.9,31 However, this is not the only reason for
monitoring, as regression of PH observed in a certain proportion of
patients as early as immediately after TAVR is associated with
favorable prognosis.8 Thus, PAP monitoring facilitates identification
of those individuals who will take optimal hemodynamic advantage
of TAVR.
RHC is an alternative but also an invasive procedure, potentially
increasing procedural risk and duration. In contrast, ultrasound-
based PAP readings add to the benefits derived from the imaging
and guiding strategy on the basis of ICDE in TAVR.15-18 The
method’s ability to provide data on pressure gradients as well as
early detection of complications may enhance the clinical value of
this imaging technique. Monitoring of PAP as part of intracardiac
Doppler echocardiographic guidance throughout TAVR may
become relevant in multimorbid patients who present with an
increased interventional risk and who require strict intraprocedural
hemodynamic management. In such individuals, ICDE represents a
further step toward faster and smoother TAVR with low burden to
patients.

Monitoring by transesophageal echocardiography32-34 on one
hand and the ‘‘minimalist approach’’ without any echocardio-
graphic guidance35-37 on the other prevail from a worldwide
perspective. However, the anterior position of the tricuspid valve
offers only a suboptimal angle of insonation for transesophageal
echocardiography, and the minimalist approach has not been
explicitly tested in very high risk patients presenting with chronic
obstructive pulmonary disease or PH due to other causes. Thus,
both techniques are not designed for PAP monitoring and have
further limitations (e.g., the considerable amounts of contrast
agent required with the minimalist approach). The latter
may foster the development of acute kidney injury38,39 and



Figure 4 Bias and agreement between the mean gradient method (MGM) and conventional catheter-based (Cath) measurements
(orange) and the Chemla method (Chem) and conventional catheter-based measurements (green) for determining PAPm before
TAVR.
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periprocedural hemodynamic deterioration in multimorbid
patients.
Limitations of the Study

Starting from the premise that PH predicts outcomes in patients un-
dergoing aortic valve replacement,5 it was not an aim of this study
to evaluate outcome parameters. The results are also limited to a
high-risk population predominantly presenting with significant PH.
In the present study, we forwent the determination of intraobserver
variability, which was expected to be very low. In the light of high sim-
ilarity between repeatability coefficients and 95% limits of agreement,
meaning that the lack of agreement between the methods is ex-
plained by the lack of repeatability and suggesting that there is no
space for any significant intraobserver variability, this assumption
was sound.

Although we did not observe any interference of the ICDE cath-
eter with pacemaker leads, this risk cannot be excluded. Care must
be taken when moving the ICDE catheter to not displace the pace-
maker lead before the valve prosthesis is deployed or in case the pa-
tient is pacemaker dependent after valve deployment because of
atrioventricular block. If in doubt, the pacemaker should be tested
again before implantation. The lack of tricuspid regurgitation repre-
sents another limitation of this method, whereas severe tricuspid
insufficiency may lead to underestimation as pressure gradients
decrease with increasing effective regurgitant orifice area.40,41 The
cost of ICDE needs to be weighed against the savings due to
avoidance of complications and general anesthesia, in addition to



Figure 5 Bias and agreement between the mean gradient method (MGM) and conventional catheter-based (Cath) measurements
(light blue) and the Chemla method (Chem) and conventional catheter-based measurements (red) for determining PAPm after
TAVR.

Table 2 Interobserver repeatability coefficients of ICDE-
based determination of systolic and mean pulmonary artery
pressures before and after TAVR

Examiners A and B

Repeatability

coefficient

(mm Hg)

95% limits of

agreement

(mm Hg)

PAPs before TAVR 3.4 �4.2 to 2.5

PAPs after TAVR 5.5 �5.3 to 5.8

PAPm (MGM) before TAVR 3.8 �3.4 to 4.1

PAPm (MGM) after TAVR 4.5 �4.5 to 4.5

PAPm (Chemla formula) before TAVR 2.1 �2.5 to 1.6

PAPm (Chemla formula) after TAVR 3.9 �3.8 to 4.0

MGM, Mean gradient method.
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shorter turnaround times in the hybrid operating room or
catheterization laboratory.42
CONCLUSIONS

ICDE-based PAP monitoring is feasible; reveals reliable data during
transfemoral, transapical, and transaortal TAVR; and complements
echocardiographic guidance strategies. Thus, intracardiac Doppler
echocardiographic guidance may replace RHC for PAP monitoring,
which is usually indicated for intraprocedural risk control in high-
risk TAVR candidates presenting with PH. The approach combines
advantages of monitored anesthesia care during TAVR, including
sedation plus local anesthesia, with uninterrupted echocardiographic
and hemodynamic guidance.



Table 3 ICDE-derived changes in PAPm immediately after
valve deployment and number of patients with PH before and
after the procedure (n = 114)

Method Dm (SD) (mm Hg) PH before VD PH after VD

MGM �4.7 (4.3) 87 (76%) 67 (59%)

Chemla formula �4.9 (3.7) 90 (79%) 66 (58%)

Dm, Mean change in PAPm immediately after valve deployment;

MGM, mean gradient method; VD, valve deployment.

Figure 6 Regression of PH after valve deployment. Among
patients with PH before valve deployment according to mea-
surements by the Chemla method (light gray) and the mean
gradient method (MGM; black), about one third showed immedi-
ate improvement of PAPm by$5 mmHg after valve deployment
(dark gray, Chemla method; black striped, mean gradient
method).
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