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Key Points

e Cardiovascular disease—a key driver of morbidity in CKD—is common in patients with autosomal dominant
polycystic kidney disease (ADPKD).

e Pathologic echocardiography findings, including valvular defects, aortic root dilation, and hypertrophy, are found
in most patients with ADPKD.

e These findings correlate with parameters indicating disease progression in ADPKD. Echocardiography should
be offered to all patients with ADPKD.

Abstract

Background ADPKD is the most common monogenetic kidney disease and results in kidney failure in >75% of
affected individuals. As a systemic disorder, ADPKD is associated with a variety of extrarenal manifestations,
including cardiac manifestations, that affect the majority of patients. We characterized the cardiac involvement in
patients with ADPKD from the German AD(H)PKD registry and compared them with kidney donor candidates
as controls.

Methods In this single-center cohort study, we evaluated 141 patients with ADPKD (44.17+11.23 years) from the
German AD(H)PKD registry and 60 kidney donor candidates (55.08+10.21 years). All patients underwent clinical
examination, abdominal MRI, and transthoracic echocardiography.

Results Of the patients with ADPKD, 65% showed hypertrophy of the left ventricle (as defined by an end-
diastolic interventricular septal wall thickness [IVSd] >10 mm) compared with 55% in control patients. Mitral
regurgitation was the most common finding among 54% of patients with ADPKD who exhibited valvular
dysfunction, albeit mild in most patients. Interestingly, left ventricular ejection fraction (LV-EF) differed
significantly between both groups, with higher values in patients with ADPKD (64%*6% versus 60%*6%),
whereas other parameters, including IVSd, left ventricular end-diastolic diameter (LVEDD), tricuspid annular
plane systolic excursion (TAPSE), and pressure gradients across the aortic and tricuspid valve were similar
between groups. Correlations of echocardiographic parameters with markers of disease progression revealed
statistically significant associations for aortic root diameter (P=0.01), the pressure gradient across the aortic
valve (AV dPy,,y; P=0.0003), and IVSd (P=0.0001), indicating rapid kidney disease progression may also be
associated with cardiac findings.

Conclusion Cardiovascular abnormalities are prevalent in patients with ADPKD. Considering the importance of
cardiovascular disease for outcomes in CKD, early management and possibly prevention are important goals of
any treatment scheme. Consequently, echocardiography should be offered to all patients with ADPKD in routine
management.
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Introduction significant disease burden.'? More than 50% of patients
Autosomal dominant polycystic kidney disease (ADPKD)  with ADPKD reach kidney failure by the age of 60.
is a chronic, progressive, multisystem disorder with a ~ ADPKD has a genetic prevalence of 1:1000, making it
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the most common monogenetic kidney disease and being the
reason for 5%-10% of all cases of KRT.

ADPKD is characterized by the age-dependent growth
of renal cysts and is genetically heterogeneous. Two
genes are responsible for most mutations resulting in
ADPKD: PKD1, which encodes polycystin-1 (approxi-
mately 85% of cases); and PKD2, which encodes
polycystin-2 (approximately 15% of cases).® Further rare
cases are explained by variants in other genes.* Truncat-
ing PKD1 variants are associated with more rapid disease
progression in contrast to PKD2 and nontruncating PKD1
variants.® Although enlarged cystic kidneys are the most
obvious and loss of kidney function the most severe
phenotype of ADPKD, in the vast majority of patients,
cardiovascular complications are the primary cause of
morbidity and mortality.® Approximately 60% of patients
develop arterial hypertension before a significant decline
in eGFR can be detected.” Patients with ADPKD de-
velop hypertension approximately a decade earlier than
the general population.® Although the mechanism un-
derlying arterial hypertension in ADPKD is not fully
understood, it is believed that upregulation of the
renin-angiotensin-aldosterone system (RAAS) due to cys-
tic compression of the renal vasculature is a critical factor.
This activation of the RAAS is also expected to contribute
to vascular resistance and cardiac hypertrophy.?19 The
early onset of hypertension in ADPKD triggers left ven-
tricular (LV) hypertrophy,!! a significant cardiovascular
risk factor, and further LV diastolic dysfunction.'? Thus,
the RAAS pathway has been the target of several clinical
trials (e.g., HALT PKD study) and the benefits of stringent
BP targets have been demonstrated.813

As a systemic disease, ADPKD is associated with several
extrarenal manifestations, including cysts in the liver and,
less frequently, the pancreas, seminal vesicles, and the
arachnoid membrane.’* Beyond the classic cardiovascular
consequences of CKD, such as coronary artery disease and
heart failure, ADPKD itself results in a genetically defined
increased risk of cardiovascular manifestations. These in-
clude both more severe developmental defects, like Fallot
tetralogy, and—much more frequently—more subtle phe-
notypes presenting in adulthood, like cardiac valve defects
and dilation of the aortic root.!>1¢ Moreover, aneurysms of
several localizations, including intracranial vessels, are
more common in patients with ADPKD, and cardiomyop-
athy and pericardial effusion have been described in asso-
ciation with this disease.!>17/18

Knowing the association between ADPKD, LV hyper-
trophy (LVH), and increased cardiovascular risk result-
ing in cardiovascular complications being the most com-
mon cause of death in patients with ADPKD, early
management and possibly prevention are important
goals of any therapy scheme. Hence, our study explores
the frequency of cardiac manifestations in a subgroup of
patients with ADPKD from the German AD(H)PKD
registry.

Materials and Methods
Patients and Data Extraction

In this cohort study, clinical data of 141 adult (=18 years)
patients with ADPKD enrolled in the AD(H)PKD registry
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were analyzed. Additionally, 60 kidney donor candi-
dates that had undergone echocardiography from Novem-
ber 2015 to June 2017 were identified retrospectively and
included in the analysis as controls. The AD(H)PKD study
enrolled adult patients with ADPKD who presented for
evaluation of tolvaptan therapy. Patient data were docu-
mented longitudinally and included clinical, genetic, and
laboratory parameters and radiologic examinations to de-
termine renal volume. Data collection from this cohort was
approved by the local institutional review board of the
University of Cologne, and written informed consent was
obtained from all study participants. The study is registered
on clinicaltrials.gov (NCT02497521). The cohort study is
conducted in accordance with the Declaration of Helsinki
and the good clinical practice guidelines by the International
Conference on Harmonization. Approximately 900 partici-
pants (as of January 2022) have been enrolled in Cologne,
Germany, with a projected follow-up time of 10 years. In
a database on clinicalsurveys.net, all relevant clinical data
and imaging parameters are collected annually (>2300
variables).

For the subpopulation described here, inclusion and
exclusion criteria included the diagnosis of ADPKD, typ-
ical renal phenotype of ADPKD (Mayo class 1),'° and
availability of transthoracic echocardiography (TTE) per-
formed at the University Hospital Cologne (Cologne, Ger-
many). Patients with severe primary LV dysfunction, as
defined by an LV ejection fraction (LV-EF) of <30% (1n=3)
were excluded from the study. These patients were ex-
cluded because severe EF impairment is a complex disease
entity with additional associated heart anomalies, which
would significantly bias the results of our study. All par-
ticipants were White.

Echocardiographic Examination Protocol and Equipment

At the University Clinic Cologne’s Heart Center (UHC),
all patients underwent standard TTE in the left lateral
decubitus position under continuous electrocardiogram re-
cording using either a Philips IE33 or a GE Vivid €95
ultrasound system. Recorded images and loops included
parasternal long- and short-axis views; apical four-, two-,
and three-chamber views; and subcostal views. Two-
dimensional images, Doppler, and pulsed tissue Doppler
recordings were acquired and interpreted in accordance
with the European and American Society of Cardiology
echocardiography guidelines.*>! Standard parameters, as
detailed in the Results section, were obtained. Echocardio-
graphic images were acquired in the echocardiographic
laboratories of a tertiary care university hospital by specif-
ically trained personnel under constant supervision
of a board-certified cardiologist (certified by the European
Society of Cardiovascular Imaging). The images were
analyzed by a board-certified cardiologist or by two inde-
pendent readers who were under constant supervision of a
board-certified cardiologist. The Bland—Altman plot for in-
terpretation of interobserver reproducibility can be found in
Supplemental Figure 1.

Statistical Analysis
Baseline patient characteristics are reported as mean*=SD
for normal distributions and median for skewed
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distributions. Data were tested for normality using the
D’Agostino and Pearson test. The P values for statistical
difference were computed using the unpaired f test and
ANOVA. Statistical significance was set at P<<0.05. Echo-
cardiographic parameters were analyzed for their distribu-
tion in different patient groups (e.g., age, Mayo class).

Results
Study Population

When defining the study cohort, the AD(H)PKD registry
contained 900 patients with ADPKD, 166 (92 men and
74 women) of which had undergone echocardiography at
UHC. A total of 141 adult patients with ADPKD were
selected after excluding patients with severe primary LV
dysfunction, as defined by an LV-EF of <30% (n=3) and/
or poor image quality (1=22) (Figure 1). The mean*SD
age of patients with ADPKD was 44.17+11.23 (range,
18-67) years. Relevant comorbidities included arterial hy-
pertension (1=129, 91%), hypercholesterolemia (n=48,
34%), and a history of smoking (n= 71, 50%). Patient
history revealed pericardial effusion in 12 patients. In
addition, 60 kidney donor candidates (31 men and 29
women) were included as controls in the analysis. All
controls had an EF >30%. The mean age of the control
group was higher than in the ADPKD cohort (55.31+10.04
years, range 29-78 years). Relevant comorbidities included
arterial hypertension (1=20, 33%), hypercholesterolemia
(n=32, 53%), and history of smoking (1=24, 39%). The
baseline characteristics of both cohorts are summarized in
Table 1.

TTE

Echocardiographic parameters were collected and evalu-
ated systematically from both the ADPKD group and the
control cohort. First, the distribution of cardiac valve defects
was assessed. Although only 4% (n=6) of patients demon-
strated mitral valve prolapse, 63% showed predominantly
mild mitral valve regurgitation (n=89, of which 88 were
mild), and 62% had tricuspid valve (TV) regurgitation
(n=88, of which 87 were mild) (Figure 2). In the control

@Iuslon criteria \

AD(H)PKD Study
n =900 - Diagnosis of ADPKD
(01/2022) - Typical renal phenotype of
ADPKD (Mayo Class 1)
- 4 = — | - availability of transthoracic
ADPKD patients with echocardiography
nn‘lE;G - Sufficient image quality
\ = J/ \- EF>30%
L Y
( ADPKD patients with | ([ Kidney donor |
TTE after exclusion candidates
L n=141 A n =60 )

Figure 1. Study flowchart illustrating patient flow and inclusion
criteria. ADPKD, autosomal dominant polycystic kidney disease; EF,
ejection fraction; TTE, transthoracic echocardiography.

cohort, only one mild TV regurgitation was recorded
(2%, data not shown), and no other cardiac valve defects
were detected.

Interestingly, LV-EF was significantly higher in the
ADPKD cohort (64%=6% versus 60%=*6%; Figure 3). This
finding did not appear to be driven by age because age and
LV-EF did not correlate (Supplemental Figure 2). Other
parameters, such as end-diastolic interventricular septal
wall thickness (IVSd), LV end-diastolic diameter (LVEDD),
aortic root diameter, tricuspid annular plane systolic
excursion (TAPSE), pressure gradients across the aortic
valve (AV) and TV, and left arterial volume were within
the range of the non-ADPKD controls (Supplemental
Figure 3).

We then went on to characterize the echocardiographic
results in relation to total kidney volume (TKV) as a key
biomarker in ADPKD. When correlating the same param-
eters with height-adjusted TKV (htTKV), significant corre-
lations were found for aortic root diameter (P=0.01), pres-
sure gradient across the AV (AV dPpa.y, P=0.0003), and
IVSd (P=0.001) (Figure 4).

Additionally, all parameters were investigated in rela-
tion to further clinical characteristics associated with dis-
ease progression in ADPKD: sex, eGFR, and respective
CKD stage, Mayo class,'® genetics, and comorbidities/
risk factors (smoking history, arterial hypertension, uro-
logic complications). In this cohort, human genetic testing
for possible mutations in ADPKD-associated genes
had been performed for 131 of the 141 patients with
ADPKD.

In particular, considering the clinical importance and
the correlation of IVSd with htTKV shown in Figure 4,
concentric myocardial hypertrophy was assessed in more
detail (Figure 5). A total of 93 patients with ADPKD (66%)
had IVSd value >10 mm and were thus classified as
having LV myocardial hypertrophy compared with 33
(55%) in the control cohort. IVSd values were significantly
higher in the men of both groups (11.55+2.18 mm for men
with ADPKD versus 10.82£1.65 mm for men in the control
group). A subgroup analysis for differences between the
sexes both patients with ADPKD and controls can be
found in Supplemental Figure 4. Furthermore, IVSd neg-
atively correlated with eGFR (Figure 5B); therefore, a
larger IVSd was found in higher stages of CKD (Figure
5C). Additionally, patients with ADPKD who were clas-
sified as Mayo class 1C-1E had a larger IVSd than those
classified as Mayo class 1A-1B (Figure 5D). IVSd also
had a positive correlation with age in both patients with
ADPKD and in controls (Figure 6). Considering the age
differences in the two groups, we performed subgroup
analyses of patients below and over the age of 50 years
(Supplemental Figure 5) and of comorbidities (Supple-
mental Figure 6). These subgroups showed a tendency,
not reaching statistical significance, toward a higher IVSd
in patients with ADPKD.

Because some clinical factors are associated with each
other (e.g., GFR and age) we performed a multiple linear
regression of a model using age, sex, eGFR, and TKV to
predict IVSd, resulting in an adjusted R2 of 0.33 (Table 2).

Whereas age and eGFR were NS for prediction of IVSd
in a model, TKV and sex were highly significant (P=0.0003
and P=0.0006, respectively).
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Table 1. Baseline characteristics of Autosomal Dominant Polycystic Kidney Disease cohort and retrospective kidney donor candidate
cohort used as controls
Characteristics Autosomal Dominant Polycystic Controls Chi-Squared
Kidney Disease P Value
Men, 1 (%) 141 (45%) 60 (52%)
Age (yr), mean*SD 44.17+11.23 55.31+10.04
eGFR (ml/min per 1.73 m?), 70.05+28.68 92.42+12.14
mean+SD
TKV (ml), mean*SD 1728+1220 —
Without baseline MRI, n 1 60
Mayo classification, n 140 —
1A 1 —
1B 36 —
1C 51 —
1D 41 —
1E 12 —
2 — —
CKD stage, n 141 60
1 (eGFR =90 ml/min per 1.73 m?) 37 37
2 (eGFR 60-89 ml/min per 1.73 m?) 45 23
3 (eGFR 30-59 ml/min per 1.73 m?) 55 —
4 (eGFR 15-29 ml/min per 1.73 m?) 4 —
5 (eGFR <15 ml/min per 1.73 m?) — —
Comorbidities, n (%)
Arterial hypertension 129 (91) 20 (33) <0.001
Hypercholesterolemia 48 (34) 32 (53) 0.01
Ever smoker 71 (50) 24 (39) NS
Active smoker 32 (23) 9 (15) NS
TKYV, total kidney volume; MRI, magnetic resonance imaging; NS, not significant.

Because aortic root diameter is a predictor of aortic com-
plications, such as aneurysm or dissection, and because of
its correlation with htTKV, the diameter of the aortic root
was further analyzed (Figure 7).

The normal range for the diameter of the aortic root is
21-43 mm,??> which was observed in both patients with
ADPKD and controls. Only one male patient with ADPKD
had a greater value and was thus classified as having
aortic root dilation. As expected, male patients had sig-
nificantly larger values, although there were only minor
differences between the two cohorts (Figure 7A). The

[
Mitral valve prolapse -

Mitral valve regurgitation
Aortic valve regurgitation
Tricuspid regurgitation

Pericardial effusion

0 20 40 60 80 100
Prevalence (%)

Figure 2. Prevalence of cardiac valve defects and pericardial effusion
in patients with ADPKD.

subgroup analysis for differences between sexes for pa-
tients with ADPKD and controls can be found in Supple-
mental Figure 7. No significant correlation was detected
between the aortic root diameter and eGFR (Figure 7B).
No significant differences were observed between indi-
vidual CKD stages or in comparison with the control
group (Figure 7C). Significant differences existed between
Mayo classes 1A /1B and 1C-1E, but not between controls
and either of the classes (Figure 7D). With regard to aortic
root diameter, no difference was found between both gene
products associated with the ADPKD phenotype (Figure
7E). Patients with ADPKD without arterial hypertension
had a significantly smaller aortic root diameter; however,
only a small group was available for testing (1=6; Figure
7F). When correlating aortic root diameter with age in
both groups, a significant correlation was found (Supple-
mental Figure 8). As with IVSd, there were larger values in
the ADPKD cohort that did not reach statistical signifi-
cance when subgroup analyses were performed for pa-
tients under and over 50 years of age. A further subgroup
analysis was performed for comorbidities (Supplemental
Figure 9).

To further elucidate the relationship between aortic
root diameter and other factors of disease progression
in ADPKD, we performed a multiple linear regression
using a model containing age, sex, eGFR, and TKV to
predict aortic root diameter. This resulted in an adjusted
R2 of 0.37 (Table 3).
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To further assess LV systolic function, the LV-EF was
assessed in relation to clinical characteristics (Supplemen-
tal Figure 11). Nearly all patients with ADPKD were clas-
sified as having a globally good systolic function (n=140,
99%), whereas only one patient had a moderately reduced
LV systolic function. Patients with ADPKD who had an EF
<30% (n=3) were excluded from the analysis. No wall
motion abnormalities were detected. Neither sex, CKD

(@]
30 stage, Mayo class, genetics, nor comorbidities showed a
ADPKD Ctrl significant association with EF. We assessed the LV di-

Figure 3. Comparison of left ventricular EF of patients with ADPKD
versus controls. Mean values for patients with ADPKD (64%) and
controls (Ctrl; 60%) are indicated by red lines.

For prediction of aortic root diameter, only age (P=0.002)
and sex (P<<0.001) were significant for the model containing
TKV.

Additionally, measurements of LVEDD were routinely
taken to detect LV dilation (Supplemental Figure 10). In
three patients, the left ventricle was classified as dilated,
whereas most patients with ADPKD (n=138, 98%) had an
LVEDD within the normal range. As expected, women in
both groups had a significantly lower LVEDD (for patients
with ADPKD, 47.82+4.55 mm [men] and 43.76+4.66 mm
[women] versus 46.60+3.87 mm [men] and 42.59+3.62 mm
[women] for controls; Supplemental Figure 10A). No
other clinical characteristic examined showed a statistically
significant association with LVEDD (Supplemental
Figure 10, B-F).

astolic function using E/A ratio (the ratio between early
filling velocity (E) and and filling velocity during atrial
contraction) and E/lat e’ (max. velocity of the lateral mitral
valvular annulus during early diastole) (Supplemental
Figure 12) and the right ventricular basal diameter as a
marker for right ventricular diastolic function (Supplemen-
tal Figure 13), and we found no statistically significant
differences between patients with ADPKD and control
subjects.

Additionally, the association between clinical charac-
teristics and TAPSE as a surrogate of global right ventric-
ular systolic function was examined (Supplemental Fig-
ure 14). A value >16 mm was considered normal,?? which
was observed in all patients and controls in the cohort. As
with LV-EF, no significant differences in sex, CKD stage,
Mayo class, genetics, or comorbidities were observed
for TAPSE between patients with ADPKD and controls.
Only patients with ADPKD who developed arterial hy-
pertension before the age of 35 had a significantly higher
TAPSE than those who developed arterial hypertension
after the age of 35. The right ventricle was classified by a
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Figure 4. Correlation of htTKV and echocardiographic parameters. Pearson correlation was conducted after the D’Agostino and Pearson test
revealed parametric data distribution. The red line indicates simple linear regressions; black dotted lines indicate the 95% CI. AV, aortic valve;
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http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0002942022/-/DCSupplemental

KIDNEY360 4: 150-161, February, 2023

Cardiac Manifestations in Patients with ADPKD, Arjune et al. 155

A B C
e 207 207
[ ]
154, o 15+ ™9
E [00) [0 £ 13
£ b o ) £ \ € 104
= 10 e oy === S 104 \ 3
° oee T | @ o °
(72 © ® [ [72]
2> ° = > 54
- 0.0003
5 [ 00015 m‘ 5 Correlation nsgj
[n=31] [n=28]|[n=62] [n=77 R=-0.3865 07—
0 p =<0.0001
0 1 1 1 1 1 1 1 1 1 1 1 1 1
m f m f 0 50 100 150 Ctl 1 2 3a 3b 4
Gender eGFR (ml/min/1.73m?) CKD Stage
D E
20 207 s 207 ns ns
o o 5_ )
154 o @ 154 [ ] 154 8 [ORNG] ) 8 (@]
E ([%D ° ««»» g : [ 1] g 8) 8 Oo) Oo) 6‘
£ % m’ D £ ] o0 £ 0‘ O (0] 8
:;10- —aE— @D ;’]O- = ’_3'3_’ ;10-0&8 8@
n @O | SeesEs n L] [ » © @ @D
s@e) @ [ (X 1] © O © @ ©® O
= ) am @ P - > g o8 9 60
5 sm s 5 54 o6 L= o
[n=60] [n=3] [n=103] [n=se]  [n=ta] [n=27
0 1 1 1 O 1 1 1 O 1 1 1 1 1 1 1 1
Ctrl 1A/B 1C-E 1&@%}9 nonlf:ﬁ%ing PKD2 yes no <35>35 no <35>35 no
. - Urological
Mayo Class Genetic mutation Smoker  ArHTN o1l - tions

Figure 5. Association of end-diastolic interventricular septal wall thickness (IVSd) with clinical characteristics. (A) Sex distribution of IVSd
in patients with ADPKD (mean*SD of 11.55+2.18 mm for men and 9.88+1.97 mm for women) and controls (mean=SD of
10.82%1.65 mm for men and 9.38+1.70 mm for women). (B) Pearson correlation of IVSd and eGFR in patients with ADPKD. (C) IVSd
according to CKD stages 1-4 in patients with ADPKD (mean®SD of 9.66+1.78 mm for CKD1, 10.27%2.30 mm for CKD2, 11.04+2.12 mm
for CKD3a, 11.93%1.98 mm for CKD3b, 10.50%2.65 mm for CKD4) versus controls (mean=SD of 10.13=1.81 mm). (D) IVSd according to
Mayo classification (1A/B [mean=SD of 9.53+1.34 mm] versus 1C/D/E [mean=SD of 11.01%=2.19 mm]) in patients with ADPKD versus
controls (mean*SD of 10.13£1.81 mm). (E) IVSd in patients with ADPKD among respective gene products (PKD1 and PKD2). Truncating
mutations included nonsense, frameshift, splicing mutations, and large rearrangements, whereas nontruncating mutations included
missense mutations and in-frame short deletions and insertions. (F) IVSd for smokers and relevant comorbidities (for ArtHTN: mean+SD of
10.63%2.28 mm for =35 years, 11.02+2.86 mm for >35, 8.58=1.38 mm for no ArtHTN). Horizontal red lines indicate mean values.

ArtHTN, arterial hypertension.

board-certified cardiologist (using guidelines of the Eu-
ropean and American Society of Cardiology echocardiog-
raphy) as normal sized in 96% (1=136), as borderline in
1% (n=2), and dilated in 1% (n=3) of the 141 patients.?3
Similarly, the right atrium was classified as normal sized
in 91% (n=121) and dilated in 9% (n=12) of 133 tested
patients. Similarly, we investigated the maximum pres-
sure gradient across the AV (Supplemental Figure 15) and
the TV (Supplemental Figure 16). On average, women
had a greater pressure gradient across the AV in both
groups, but this difference was only significant in patients
with ADPKD; none of the other clinical characteristics
examined were significantly different between groups.

With regards to left atrial volume, none of the clinical
characteristics examined were significantly different be-
tween groups (Supplemental Figure 17). In 122 pa-
tients (87%), the left atrial volume was classified as
normal, whereas it was dilated in 19 patients (13%).
Patients with ADPKD without arterial hypertension con-
sequently had a lower left atrial volume; however, this
was NS.

Discussion

Cardiac hypertrophy and left ventricular dysfunction
are caused by RAAS activation resulting in arterial hyper-
tension as well as other mechanisms, including the decline
in renal function, increased sympathetic nervous system
activity, insulin resistance, disturbances in the fine-tuning
of vascular tone.® Clinical studies have established the
importance of LVH in ADPKD.%!124 Understanding the
relationship between ADPKD, LVH, and increased cardio-
vascular risk, and the fact that cardiovascular complica-
tions are the leading cause of death in patients with
ADPKD, early management, and possibly prevention,
are critical goals of any therapy scheme. ADPKD has also
been reported to be associated with congenital heart de-
fects. However, the precise pathways and interactions in-
volved remain largely unknown.?> We examined cardiac
manifestations in a subset of 141 patients with ADPKD
participating in the German AD(H)PKD registry who
underwent clinical examination, abdominal magnetic res-
onance imaging, and TTE to determine the frequency,
characteristics, and potential correlations of cardiac
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manifestations of the disease. Echocardiographic parame-
ters, assessing both left and right ventricular cardiac func-
tion, were considered and compared with a control cohort
of 60 kidney donor candidates. Initially, the prevalence
of cardiac valve defects in patients with ADPKD was de-
termined using echocardiography. Whereas other studies
reported a lower prevalence of cardiac valve defects,'®?**’
we found predominantly mild mitral valve regurgitation
in 63% of patients, and mild TV regurgitation in 62% of
patients in this study (see Table 4).

Interestingly, we found a significantly higher preva-
lence of mitral regurgitation than previously reported,
although we did not observe mitral prolapse frequently.
However, advances in echocardiography in recent years
must be considered when directly comparing preva-
lence in this and earlier studies, especially when
detecting minor valvular regurgitations. Although mitral
valve prolapse is a characteristic finding in patients
with ADPKD, mitral regurgitation can also occur
because of hypertension, which was present in 91% of
patients. Although most valvular findings were mild,
progression of valve disease may occur over years. In
any case, the high prevalence again confirms the impor-
tance of considering cardiac valve defects in patients with
ADPKD.

Regarding LV systolic function, our control cohort
showed a significantly lower mean EF (60% versus 64%)
than that of patients with ADPKD, despite values being
within the normal range. It is important to note that few
patients with an EF <30% were excluded and patients with
ADPKD were, on average, older than the controls. How-
ever, the result was significant despite a clear outlier with a
low EF in the ADPKD group. Therefore, this remains an
interesting finding that could be linked to the increased
RAAS activity associated with ADPKD and, eventually, to
activation of the sympathetic nervous system. There was no
significant difference regarding EF in relation to stages of
disease progression (CKD stage) and rapid or slow disease
progression (Mayo classification).

Echocardiography was further used to determine the di-
ameter of the aortic root. The aortic root forms the bulbar
part of the ascending aorta and is a typical site for dilation
and thus the formation of aortic aneurysms in the context of
various diseases (e.g., Marfan syndrome). In addition, AV
regurgitation often occurs concomitantly.?® The fact that
overall aortic root diameter did not differ between patients
with ADPKD and controls may be explained by the age
dependency of this parameter. However, a significant
correlation was found between aortic root diameter and
htTKYV, indicating disease progression actively causes, or is

Table 2. Multiple linear regression models for 1VSd using age, sex, eGFR, and total kidney volume (model 1)

Variable Estimate SEM, 95% Confidence Interval (Asymptotic) Itl P Value
Intercept 9.004 1.454, 6.13 to 11.88 6.194 <0.001
Age 0.03485 0.01974, —0.004 to 0.07 1.765 0.08
Sex (female) —1.170 0.3313, —1.83 to —0.51 3.532 0.0006
TKV 0.0007157 0.0001908, 0.0003 to 0.001 3.750 0.0003
eGFR —0.007450 0.008377, —0.02 to 0.009 0.8894 0.38

Model 1: IVSd=age+sex+TKV+eGFR. Adjusted R?=0.33. For the variable Mayo class, classes were grouped as Mayo class 1A/B and
1C/D/E. Itl, t value, TKV, total kidney volume; IVSd, interventricular septal wall thickness.
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Figure 7. Association of aortic root diameter with clinical characteristics. (A) Sex distribution of aortic root diameter in patients with ADPKD
(mean=SD of 33.96+4.06 mm for men and 29.45%+3.52 mm for women) and controls (mean=SD of 32.13+2.75 mm for men and
29.90+2.42 mm for women) by sex. (B) Pearson correlation of aortic root diameter and eGFR in patients with ADPKD. (C) Aortic root diameter
according to CKD stages 1-4 in patients with ADPKD (mean=SD of 31.40%4.92 mm for CKD1, 30.49%4.17 mm for CKD2, 32.79+4.59 mm
for CKD3a, 32.15+3.79 mm for CKD3b, 32.25%5.56 mm for CKD4) versus controls (mean=SD of 31.03*=2.74 mm). (D) Aortic root diameter
according to Mayo classification (1A/B [mean=SD of 30.04%=4.78mm] versus 1C/D/E [mean=SD of 32.15%4.12 mm]) in patients with ADPKD
versus controls (mean=SD of 31.03%+2.74 mm). (E) Aortic root diameter in patients with ADPKD among respective gene products (PKD1 and
PKD2). Truncating mutations included nonsense, frameshift, splicing mutations, and large rearrangements, whereas nontruncating mutations
included missense mutations and in-frame short deletions and insertions. (F) Aortic root diameter according to (ever) smokers and relevant
comorbidities (for ArtHTN, mean=SD of 31.58+4.34 mm for =35 years, 32.33+4.16 mm for >35, 26.50%3.024 mm for no ArtHTN).

Horizontal red lines indicate mean values. ArtHTN, arterial hypertension.

associated with, dilation of the aortic root. This is an im-
portant finding because it may explain cardiovascular mor-
bidity and mortality in this high-risk cohort of patients.
Chapman et al.'! defined LVH as the maximum LVMI (LV
Mass index) plus 2 SDs. This resulted in male patients with
ADPKD having an upper limit of 129.22 g/m2 and female
patients with ADPKD having an upper limit of 111.18 g/m2.
Using these criteria, 2% (n=3, one male and two female
patients) of the 128 patients from whom we could obtain
LV mass were deemed to have LVH (Supplemental Figure
18A). Using the same methodology as Perrone et al.,'3
who defined the normal upper limit as the 95th percentile,
the result would be 122.3 g/m2 for male patients and
104.2 g/m2 for female patients with ADPKD. Of the 128
patients from whom we could obtain LV mass, 5% (n=7,
three male and four female patients) would be considered
to have LVH using these thresholds (Supplemental
Figure 18B). Thus, our findings are consistent with both
studies. In addition, Oflaz et al.3! reported significant biven-
tricular diastolic dysfunction in both normotensive and
hypertensive patients with ADPKD who have preserved

renal function. In accordance with the findings of Oflaz
et al.,?! we added the interpretation of LV diastolic function
using E/A and E/lat e’ (Supplemental Figure 12) and
further examined right ventricular basal diameter (Supple-
mental Figure 13) as a marker for right ventricular diastolic
function and found no significant differences between pa-
tients with ADPKD and control subjects. Our results for
E/A (mean=SD of 1.13%0.36 for controls versus 1.22+0.36
for patients with ADPKD) are in line with Oflaz et al.3!
(mean=*SD of 1.49%+0.21 for controls versus 1.31=0.29 for
patients with ADPKD). However, E/lat e’ values are not
reported, so our results cannot be directly compared with
those of Oflaz et al.3! because different methods were used to
determine diastolic dysfunction.

IVSd, aortic root diameter, and the pressure gradient
across the AV showed a significant correlation with htTKV,
indicating that parameters associated with rapid disease
progression in ADPKD may also have an effect on the left
ventricle. When analyzing the comorbidities arterial hyper-
tension and hypercholesteremia, a significant difference was
only found for arterial hypertension for both IVSd and aortic
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Table 3. Multiple linear regression models for aortic root diameter using age, sex, eGFR, and total kidney volume (model 2)

Variable Estimate SEM, 95% Confidence Interval (asymptotic) Il P Value
Intercept 25.16 3.100, 19.01 to 31.31 8.117 <0.001
Age 0.1401 0.04484, 0.05 to 0.23 3.124 0.002
Sex (female) —4.457 0.7489, —5.94 to —2.97 5.952 <0.001
TKV 0.0005247 0.0003174, —0.0001 to 0.001 1.653 0.10
eGFR 0.02251 0.01805, —0.01 to 0.06 1.247 0.22

Model 2: Aortic root diameter~age+sex+TKV+eGFR. Adjusted R2=0.37. Itl, t value, TKV, total kidney volume.

root diameter in the ADPKD cohort. These findings regard-
ing arterial hypertension are consistent with a previous
report by Pietrzak-Nowacka et al.3? who discovered an
increase in IVSd and aortic root diameter in hypertensive
patients with ADPKD compared with normotensive pa-
tients with ADPKD. Also, Mayo classes 1C-1E showed a
larger IVSd than Mayo classes 1A-1B, again indicating an
association with disease severity. This was validated when
age, sex, eGFR, and TKV were included in a multiple linear
regression model to predict IVSd, confirming sex and TKV
as independent predictors.

Although polycystin 1 and 2 are essential for the devel-
opment of the heart,333* interestingly, genetics did not
show a clear effect on either of the tested echocardiographic
parameters in this study. Specifically, polycystin 1 has been
shown to regulate L-type calcium channel protein levels and
cardiomyocyte contractility in a mouse model, implying this
protein plays a critical role in cardiac function,®® whereas
reduced polycystin 2 activity in ADPKD resulted in patients
being more prone to develop idiopathic dilated cardiomy-
opathy.33 Furthermore, a recent study investigated PKD?2
mutant mice that are characterized by cardiac fibrosis in
combination with systolic and diastolic dysfunction.3¢
Taken together, clinical and experimental data provide
compelling evidence that the cardiovascular comorbidity
in ADPKD is caused, in part, by the mutant proteins’
primary manifestations. The fact that we did not see a
correlation with mutation class may partly be explained
by the limited availability of genotype in our cohort. Factors
that drive disease progression in ADPKD, independent
from mutation type, may also affect cardiac manifestations.

This possibility is underlined by the relation between the
latter and TKV /Mayo classification. Of course, loss of kid-
ney function also contributes to cardiovascular disease in
ADPKD.

In conclusion, our study underlines the cardiac involve-
ment in ADPKD and delineates its association with factors
involved in renal disease progression. Most of the de-
tected changes are potentially subclinical; however, the
findings are still crucial to understand the cardiac phe-
notype in ADPKD. Considering the prognostic impor-
tance of cardiovascular disease in CKD, echocardiogra-
phy should be made available to all patients with ADPKD
on a regular basis, focusing on the detection of mild
forms of valvular regurgitations and signs of cardiac
hypertrophy.

Limitations

This study has important limitations. Not all echocar-
diographic parameters were tested in all patients. As a
result, the group size is limited for some parameters.
Furthermore, the control cohort, consisting of 60 kidney
donor candidates, was smaller (141 versus 60) and signif-
icantly older (44.17%11.23 versus 55.31+10.04 years). Ad-
ditionally, genotype data were only available for a subset
of patients (67%). Furthermore, because this was a retro-
spective analysis, only a post hoc power analysis would be
possible. Concerns have been raised over the years that a
post hoc power analysis is conceptually flawed and ana-
lytically misleading;”’ > therefore, this retrospective anal-
ysis was not performed on the basis of sample size
calculation.

Table 4. Distribution of cardiac valve defects of this cohort in comparison to the literature
Mitral Valve Tricuspid Valve Aortic Valve

] Regurgitation Prolapse Regurgitation Prolapse Regurgitation
Study Subjects (1) Year %) (%) %) (%) %)
This study 141 2022 63 4 62 — 16
Leier ef al. (28) 11 1984 27 — — — —
Hossack et al. (26) 163 1988 31 26 15 6 8
Timio et al. (27) 228 1992 30 25 — 5 19
Varnero et al. (29) 21 1992 23 33 — 18 9
Castiglioni et al. (30) 25 1995 5 4 4 — 1
Lumiaho ef al. (16) 109 (PKD1 only) 2001 13 26 4 — —
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