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Introduction: Cystic expansion damaging the parenchyma is thought to lead to end-stage kidney disease

(ESKD) in autosomal dominant polycystic kidney disease (ADPKD). Here we characterized genotypic and

phenotypic attributes of ADPKD at time of ESKD.

Methods: This is a retrospective cross-sectional study of patients with ADPKD with ESKD evaluated at

Mayo Clinic with available abdominal computed tomography (CT) or magnetic resonance imaging (MRI).

Kidney volumes were measured (total kidney volume adjusted for height [HtTKV]), Mayo Image Class

(MIC) calculated, ADPKD genotype determined, and clinical and laboratory features obtained frommedical

records.

Results: Differences in HtTKV at ESKD were associated with patient age and sex; older patients and

women had smaller HtTKV at ESKD. HtTKV at ESKD was observed to be 12.3% smaller with each decade of

age (P < 0.01); but significant only in women (17.8%, P < 0.01; men 6.9%, P ¼ 0.06). Patients with onset of

ESKD at <47, 47–61, or >61 years had different characteristics, with a shift from youngest to oldest in male

to female enrichment, MIC from 1D/1E to 1B/1C, likely fully penetrant PKD1 mutations from 95% to 42%,

and presence of macrovascular disease from 8% to 40%. Macrovascular disease was associated with

smaller kidneys in female patients.

Conclusion: HtTKV at ESKD was smaller with advancing age in patients with ADPKD, particularly in

women. These novel findings provide insight into possible underlying mechanisms leading to ESKD,

which differ between younger and older individuals. Cystic growth is the predominant mechanism in

younger patients with ESKD, whereas aging-related factors, including vascular disease, becomes poten-

tially important as patients age.
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A
DPKD is the leading genetic and the fourth overall
cause of ESKD.1 It is mainly caused by mutations

to PKD1 or PKD2. Patients with PKD1 mutations have
more severe disease than those with PKD2 mutations,
reaching ESKD w20 years earlier.2 The type of PKD1
mutation also affects prognosis; patients with PKD1
truncating (PKD1T), PKD1 nontruncating (PKD1NT),
and PKD2 mutations reach ESKD at 55, 67, and 79 years
of age, respectively.3 More recently, PKD1 missense
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mutations have been subdivided into likely fully
penetrant (PKD1NT1) or hypomorphic (PKD1NT2).4,5

The severity of PKD1NT1 disease is similar to that of
PKD1T, whereas the severity of PKD1NT2 disease is
closer to PKD2.5

Much of the current understanding of the natural
history of ADPKD derives from the Consortium for
Radiologic Imaging Studies of Polycystic Kidney Dis-
ease (CRISP), an observational study now in its 19th
year.6–8 In this study, patients with PKD1 had larger
kidneys and more cysts than patients with PKD2, but
the rate of growth of the kidneys was not significantly
different, suggesting that the main difference between
PKD1- and PKD2-associated disease is the number of
cysts developing at a relatively early stage of disease,
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rather than their rate of growth.9 CRISP also demon-
strated that TKV (total kidney volume) adjusted for
height (HtTKV) is a powerful predictor of renal func-
tion decline.6 These results provided the basis for
larger studies10,11 that led to the approval of TKV as a
prognostic biomarker, by both the US Food and Drug
Administration12 and the European Medicines
Agency,13 and for the development of the ADPKD
HtTKV/age MICs.14 In addition to TKV, CRISP has also
shown that renal blood flow is an independent pre-
dictor of renal function decline.15 However, the mea-
surement of kidney blood flow is more challenging
than that of TKV and thus a major limitation to its use.
It has been proposed that cyst development and
enlargement cause renal function decline via obstruc-
tion of tubular flow, release of cytokines and chemo-
kines, and induction of interstitial inflammation and
fibrosis.16 Given the proposed role of cystic enlarge-
ment as the primary cause of renal functional decline in
ADPKD, we reasoned that HtTKV should be relatively
similar in all patients at the time they reach ESKD
regardless of the causative gene/mutation, age, and
other environmental or clinical factors. Therefore, the
purpose of our study was to characterize genotypic and
phenotypic attributes of ADPKD at the time of ESKD,
as well as compare the role of these factors relative to
genotype and renal cystic expansion.
METHODS

Study Patients

This is a retrospective cross-sectional study that in-
cludes Mayo Clinic (Minnesota, Florida, and Arizona)
patients with ADPKD from January 1992 to January
2018, with data available when they reached ESKD or
chronic kidney disease (CKD) Stage 5. Patients included
in this study required all of the following: (i) diagnosis
of ADPKD based on the Ravine-Pei modified criteria,
(ii) diagnosis of ESKD or CKD Stage 5, and (iii) available
abdominal imaging (CT/MRI) at the time of ESKD (<24
months before or <3 months after) (n ¼ 290). The
median time between the imaging and ESKD dates was
4.8 months before ESKD (interquartile range 0.7–11
months). Almost two-thirds (61.7%) of the patients are
from Minnesota and surrounding states (Wisconsin,
Iowa, South Dakota, and North Dakota). Patients were
excluded if they had 1 or more of the following: (i)
absence of electronic medical records, (ii) estimated
glomerular filtration rate (eGFR) >15 ml/min per 1.73
m2 unless the patient received a preemptive kidney
transplantation, (iii) presence of concomitant renal
disease with major contribution to GFR decline, and
(iv) procedures that affected TKV such as nephrectomy
or cyst fenestration.
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Data Collection

Clinical data at the time of ESKD were carefully
retrieved from the medical records. The date of ESKD
was defined as first day of (i) preemptive trans-
plantation, (ii) permanent dialysis, or (iii) when GFR
was #15 ml/min per 1.73 m2, whichever occurred first.
The retrieved data included age at ESKD, sex, race,
height, history of hypertension, body mass index, lipid
profile, smoking history, history of dyslipidemia, and
history of macrovascular disease, as defined later in this
article. Framingham risk scores were calculated using
the Framingham calculator from the Framingham Heart
Study.17 This scoring estimates the % risk of an
adverse cardiovascular event in the next 10 years. The
Framingham scores were calculated only for patients
between 30 and 74 years of age, without prior history
of cardiovascular disease. Factors included age, sex,
systolic blood pressure, treatment for hypertension,
currently smoking, diabetes, and body mass index. The
eGFR was calculated using the CKD–Epidemiology
Collaboration (CKD-EPI) GFR formula.18 As the study
spans over 26 years, the serum creatinine of patients
had been obtained through various standardization
methods. The calibration error related to non-
standardized creatinine measurements is most impor-
tant when eGFR is well preserved.18 This error has
likely no effect on the estimation of eGFR by CKD-EPI
formula in our study given that the patients included
in this study have low eGFR.

Macrovascular disease was defined as 1 or more of
the following before ESKD: (i) Stroke: ischemic or
hemorrhagic; (ii) ischemic heart disease: (a) coronary
artery disease: angina, intervention or (b) ischemic
congestive heart failure: echocardiogram showing sig-
nificant regional wall motion abnormalities; (iii)
abdominal aortic aneurysm; and (iv) aortic calcification,
which was graded for patients who had CT scans
available (severe, moderate, mild, and none) based on
extent of calcification observed in the descending aorta
from the level of the diaphragm down to 3 cm below
the aortic bifurcation. Only patients with severe or
moderate grades were considered to have a diagnosis of
aortic calcification. Patients with a history of ruptured
intracranial aneurysm or intervention for intracranial
aneurysm were also considered to have macrovascular
disease.

Imaging near ESKD included CT or MRI of the
abdomen within 24 months before ESKD date or up to 3
months after ESKD date. TKVs were calculated using
planimetry or stereology and the HtTKV was calculated
by dividing TKV by patient’s height. Although
different acquisition sequences can introduce vari-
ability in measurement of TKV, this variability is
comparable to the inter-reader differences and not
Kidney International Reports (2021) 6, 755–767
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likely to have affected the results. We have not used
ultrasound measurements in our study because they
are grossly inaccurate for very large kidneys, particu-
larly in retrospective studies when only a few images
are available. On the other hand, we have shown that
MRI and CT produce comparable measurements of
TKV.14 Mayo Class (1A through 1E and 2A-2B) was
determined using the MIC calculator14 and categorized
as detailed by Irazabal et al.14 Class 2 patients were
divided into 2A (focal or asymmetrical) and 2B (atro-
phic kidneys) based on predetermined criteria listed in
Irazabal et al.14 MIC (typical or class 1 vs. atypical or
class 2) was determined by 2 adjudicators (SSS and FTC)
and in unclear cases confirmed by a third adjudicator
(VET).

A total of 778 patients were excluded because im-
aging satisfying our selection criteria was not available;
370 patients had no available CT/MRI imaging in our
electronic systems and 408 patients had CT/MRI im-
aging but its timing was outside the designated imag-
ing window. The lack of imaging in the first group was
due to several factors: (i) some patients had only
nonelectronic (hardcopy) imaging, (ii) electronic images
before 1997 were not consistently archived, and (iii)
some patients had only ultrasounds or presented to
Mayo Clinic for non-nephrological care. Reasons ac-
counting for the second group include (i) patients
presented to Mayo Clinic after receiving a kidney
transplant, or initiating dialysis, or (ii) had imaging
studies outside the designated window and did not
require a repeat imaging.

Based on the overall median age of ESKD, patients
were stratified into 3 groups. Patients who reached
ESKD at an age below the first quartile (Q1), between
Q1 and Q3, and after Q3 were included in the first,
second, and third group, respectively. The cutoff ages
for Q1 and Q3 were rounded to the nearest number. In
addition, patients were stratified by age group (5-year
intervals) and sex for additional granularity. To
assess for any temporal trends, patients were divided
into tertiles based on the date of ESKD onset (1992–
2000, 2001–2009, and 2010–2018).

Genetic Analysis

The entire coding and flanking intronic regions of
PKD1 and PKD2 were screened for mutations by
Sanger or next generation sequencing as previously
described.19–22 Patients were classified as follows:
PKD1 truncating (PKD1T), PKD1 nontruncating
(PKD1NT), and PKD2. PKD1NT mutations were sub-
categorized to PKD1NT1 and PKD1NT2.4,5 PKD1T and
PKD1NT1 are defined as fully penetrant PKD mutations.
A total of 185 of the 290 (63.8%) patients included in
this study had genetic testing for PKD1 or PKD2
Kidney International Reports (2021) 6, 755–767
mutations. Among the 185 patients, 182 (98.4%) had
PKD1 or PKD2 mutations and 3 (1.6%) had “no mu-
tation detected.” Among the patients with no mutation
detected, 1 patient had MIC 1E, 1 had MIC 1C, and 1
had MIC 2B.

Statistical Analysis

Data were reported as mean � SD for normally
distributed data or median and interquartile range for
skewed data, and n (%) for categorical data. P-values
for comparisons by sex were derived using equal
variance t-tests for data with normal distributions,
Wilcoxon/Kruskal-Wallis tests for non-normal distri-
butions, and c2 tests for categorical variables. HtTKV
was transformed using log base 10 to model an expo-
nential growth process. Associations between HtTKV
and patient characteristics were evaluated using both
univariate and multivariate linear regression. The
variables that were significantly predictive of HtTKV at
ESKD at the 0.10 alpha level were included in the
multivariate analysis. Beta coefficient estimates were
derived from univariate or multivariate linear regres-
sion models using the log base 10 transformation on the
outcome (HtTKV). The beta estimate was then trans-
formed into percent change in HtTKV per unit increase
in predictor variable. This percent change was calcu-
lated by subtracting 1 from the log of the estimate, then
multiplying by 100 (% change/unit increase in
predictor ¼ [10Beta Estimate – 1] � 100). Sensitivity
analysis was performed on the patients with known
genotype (n ¼ 182) and on patients who reached ESKD
in the latest period (2010–2018).

RESULTS

Demographic and Clinical Characteristics

at ESKD

The study flow chart is shown in Figure 1. Among 1076
patients with ADPKD who have reached CKD 5 or
ESKD seen at Mayo Clinic between 1992 and 2018, 290
patients had abdominal imaging at time of ESKD.
Among the included cohort, 179 patients had pre-
emptive kidney transplantation (81 men, 98 women),
80 (48 men, 32 women) were receiving dialysis, and 31
(9 men, 22 women) were in CKD stage 5, but without
real replacement therapy. The mean (� SD) eGFR was
14.1 (�5), 10.8 (�6), and 12.1 (�2) ml/min per 1.73 m2

in the preemptive kidney transplant, dialysis, and CKD
stage 5 groups, respectively. The demographic and
clinical characteristics of these patients, overall and
separated by sex, are summarized in Table 1. The
excluded patients showed similar demographics except
for a lower proportion of preemptive kidney trans-
plantation (37% vs. 62%) and higher body mass index
(34 vs. 28.6 kg/m2) as compared with the included
757



Figure 1. Study flow chart showing the number of patients who reached chronic kidney disease (CKD)5/end-stage kidney disease (ESKD), the
number of patients with available kidney imaging, and the number of patients with available genetic classification.
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cohort (Supplementary Table S1). Men had higher
HtTKV (mean: 2485 (�1263) ml/m versus 1611 (�1013)
ml/m, P < 0.01) and higher MIC (Class 1C–E; 95% vs.
82%, P < 0.01) compared with women, despite similar
mean ages at ESKD (54.2 and 54.8 years old, respec-
tively) (Table 1). Men also had higher Framingham
scores (mean: 18.9% (�11.6) vs. 10.7% (�7.5), P <
0.01) and were more likely to have a high-risk Fra-
mingham score (32% vs. 10%, P < 0.01) and evidence
of macrovascular disease (26% vs. 16%, P ¼ 0.04).
Women, in contrast, had likely fully penetrant muta-
tions more frequently than men (82% vs. 69%, P ¼
0.03). Body mass index and history of hypertension
were similar in both sexes, whereas history of dysli-
pidemia and smoking were more frequent in men than
women. Characteristics of patients who reached kidney
failure before age 40 has been summarized in
Supplementary Table S2.

When stratified by quartile of age at ESKD, patients
in the Q1 (<47 years) were more frequently men with
an MIC of 1D or 1E, 95% had fully penetrant PKD1
mutations, and 8% had macrovascular disease, whereas
those in the Q2 and Q3 (47–61 years) were more often
women, MIC 1C or 1D, 81% had fully penetrant PKD1
mutations, and 18% had macrovascular disease. Pa-
tients in Q4 (>61 years) were also more often women,
MIC 1B or 1C, only 42% had fully penetrant PKD1
mutations, and 40% had macrovascular disease
(Table 2). A more granular distribution of patients by
758
age group (5-year interval) is shown in Supplementary
Figure S1.

Determinants of TKV at ESKD

Interestingly, HtTKV at ESKD was found to be on
average 12.3% smaller with each decade of age, P <
0.01; more in women (17.8% smaller per decade, P <
0.01) than in men (6.9% smaller per decade, P ¼ 0.06)
(Figure 2). Given the long period of patient recruitment
(1992–2018), we also assessed whether there were any
temporal trends in disease progression by dividing the
cohort into 3 periods, 1992–2000 (n ¼ 24), 2001–2009
(n ¼ 100), and 2010–2018 (n ¼ 166) (Supplementary
Figure S2). Ages at ESKD and negative trends of
HtTKV with age at time of ESKD were not significantly
different across the 3 periods. The HtTKV negative
trend per decade of age at ESKD was statistically sig-
nificant for both sexes during the period 2010–2018,
which was the period with the largest number of pa-
tients, but was attenuated during the earlier periods
(P > 0.05 for both). In addition, we compared the
trends of HtTKV with age at ESKD among patients who
received preemptive kidney transplantation with those
who received dialysis or had reached CKD stage 5. The
overall trends for both groups were comparable
(�11.9% vs. �13.3% smaller per decade of age in the
kidney transplant group compared with the dialysis/
CKD stage 5 group, respectively). When stratified by
sex, HtTKV appeared smaller with age in men in the
Kidney International Reports (2021) 6, 755–767



Table 1. Demographic, clinical, and genotypic characteristics of all
patients at ESKD separated by sex

Patient characteristic
All

N [ 290
Male

n ¼ 138 (48%)
Female

n ¼ 152 (52%)

White, %y 268 (92%) 129 (93%) 139 (91%)

Age at ESKD (y), mean ±
SD

54.5 � 11.3 54.2 � 12.4 54.8 � 10.3

eGFR (ml/min per 1.73
m2), mean ± SD

All N ¼ 290 13.0 � 4.6 13.1 � 4.9 12.9 � 4.2

Preemptive
kidney
transplant

n ¼ 179 14.1 � 4.6 14.4 � 4.9 13.7 � 4.3

Dialysis n ¼ 80 10.8 � 4.6 10.8 � 4.7 10.8 � 4.6

CKD stage 5 n ¼ 31 12.1 � 1.8 12.5 � 1.5 11.9 � 2.0

HtTKV (ml/m), median
(interquartile range)

1756
(1088–2614)

2315
(1458–3129)

1351
(872–2112)

Mayo Image Class, n 285 135 148

1A 0 0 0

1B 30 5 25

1C 88 39 49

1D 90 41 49

1E 69 48 21

2B 8 2 6

Severe class (1C--1E), %
y

247/285 (87%) 128/135 (95%) 122/148 (82%)

Genotype, n (%)

PKD1T 110/182 (61) 42 (53) 68 (66)

PKD1NT1 29/182 (16) 13 (16) 16 (16)

PKD1NT2 26/182 (14) 12 (15) 14 (14)

PKD2 17/182 (9) 13 (16) 4 (4)

Body mass index (kg/m2),
mean ± SD

28.6 � 5.7 28.8 � 5.2 28.5 � 6.1

History of hypertension,
%y

284 (98) 135(98) 149 (98%)

History of smoking, %y 122 (42) 66 (48) 56 (36%)

History of dyslipidemia, %
y

133 (46) 72 (52) 61 (41%)

Macrovascular disease,
%y

61 (21) 36 (26) 26 (16%)

Framingham score
characteristics

N [ 216 N [ 92 N [ 124

Framingham score
(%), mean � SD

14.1 � 10.3 18.9 � 11.6 10.7 � 7.5

High-risk Framingham
score ($20%), %y

42/216 (19%) 29/92 (32%) 13/124 (10%)

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; ESKD, end-
stage kidney disease; HtTKV, total kidney volume adjusted for height.

Table 2. Characteristics of patients divided by age quartiles when
they reached ESKD

Patient characteristic

Age groups (at ESKD), y

Q1 (<47 y)
n [ 74

Q2DQ3 (47--61 y)
n [ 141

Q4 (>61 y)
n [ 75

Male, n (%) 45 (61) 59 (42) 34 (45)

Mayo Imaging Class, n (%)

1E 49 (66) 19 (14) 1 (1)

1D 22 (30) 57 (40) 11 (16)

1C 3 (4) 57 (40) 28 (40)

1B 0 (0) 8 (6) 22 (32)

2B 0 (0) 0 (0) 8 (11)

Mutation type or strength, n (%) n [ 53 n [ 89 n [ 40

PKD1T-PKD1NT1 55 (95) 72 (81) 17 (42)

PKD1NT2-PKD2 3 (5) 17 (19) 23 (58)

Macrovascular disease, n (%) 6 (8) 25 (18) 30 (40)

Framingham score, n [ 62 n [ 114 n [ 40

% mean � SD 7.5 � 4.2 14.5 � 9.4 23.5 � 11.6

ESKD, end-stage kidney disease.
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preemptive kidney transplant group compared with
those in the dialysis/CKD stage 5 group (�12.1%
vs. �4.9% per decade, respectively), whereas in
contrast women tended to have smaller HtTKV with
age in the dialysis/CKD stage 5 groups versus the
kidney transplant group (�20.4% vs. �10.9% per
decade, respectively) (Supplementary Figure S3).

Because of the large effect of sex on HtTKV across age
at ESKD, we evaluated the association between other
variables and HtTKV at ESKD stratified by men and
women. Mutation severity and low risk Framingham
score were associated with higher HtTKV at ESKD in
men in the univariate analysis (Table 3, section A) but
not in the multivariate analysis when age was included
Kidney International Reports (2021) 6, 755–767
in the model (Table 3, section B). Age, Framingham
score, and high-risk Framingham score were associated
with lower HtTKV at ESKD in women in the univariate
analysis (Table 4, section A), but only macrovascular
disease was associated with lower HtTKV in the multi-
variate analysis when age was included in the model
(Table 4, section B). Sensitivity analyses including only
the patients with known genotype or the patients seen
during the 2010–2018 period showed similar results
(Supplementary Tables S3 and S4).

Of the initial cohort of 4304 patients in the ADPKD
database, only 32 patients (0.7%) died without having
ESKD, indicating that the selection bias in this study is
minimal.
Stratification of HtTKV at ESKD by MIC

MIC is calculated from HtTKV adjusted by age and is
arguably the best currently available biomarker of dis-
ease severity.14,23 Because theMIC includes HtTKV in its
derivation, we have excluded MICs from the analysis of
variables associated with HtTKV at ESKD. To visually
illustrate howdisease severity and age relate to HtTKV at
ESKD, we have plotted HtTKV and age stratified byMIC
(Figure 3). Although overall HtTKV and age were
negatively correlated, within each MIC1 group the
correlation was positive, as expected given the criteria
used to classify the patients with typical ADPKD.
However, the correlation was less in class 1E patients
than in class D and C patients who reached ESKD at a
later age, likely reflecting the rapidity and severity of
the cystic expansion associated with class 1E. On the
other hand, the correlation was least in class 1B patients
who reached ESKD at a much older age with likely
contribution of age-related factors in addition to cystic
expansion. Most patients (70%) in MIC 1E were men,
whereas most patients (80%) in MIC 1B or 2B were
759



Figure 2. The Log10 total kidney volume adjusted for height (HtTKV) at end-stage kidney disease (ESKD) was plotted against the age at ESKD
(N ¼ 290). Best-fit lines and regression slopes are determined for all patients and by sex. The regression slope represents the percent change in
HtTKV per decade of age at time of ESKD.
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women. The frequency of fully penetrant mutations
decreased from 92% in MIC 1E to 58% in MIC 1B. Pa-
tients with ESKD with MIC1B (n ¼ 30) were predomi-
nantly female (83%), with mean ESKD age of 65 (�6.8)
years, with inadequately controlled hypertension
(100%) and hyperlipidemia (57%); 27% had history of
smoking and 37% had macrovascular disease. Patients
with MIC 2B (n¼ 8) were predominantly women (75%),
with mean ESKD age of 71.5 (�3.3) years, with inade-
quately controlled hypertension (62.5%) and hyperlip-
idemia (62.5%); 25% had history of smoking and 12.5%
had severe aortic calcification.

Phenotypic Variability Among Family Members

To ascertain the intrafamilial variability of disease
severity, we plotted the age at ESKD and MIC for each
pedigree. We included all patients who had genetic
testing and had at least 1 family member who also
reached ESKD (n ¼ 98). A high variability in age of
ESKD onset was noted among patients sharing the same
PKD mutation types (Figure 4a). In addition, the family
members with available imaging had variable MIC at
time of ESKD (n ¼ 47) (Figure 4b). To further illustrate
the variability of kidney volumes at ESKD within each
pedigree, we plotted HtTKV over age when family
members reached ESKD (Supplementary Figure S4).

DISCUSSION

The ADPKD phenotype is heterogeneous, as high-
lighted by our cohort with a range of ESKD age of onset
from 23 to 87 years old. Understanding the character-
istics associated with age of ESKD onset is critical,
given its implication on modifying the disease course.
Despite the phenotypic variability, observational
studies of large ADPKD cohorts, including CRISP5–8
760
and pooled registry datasets,24,25 have shown that
HtTKV strongly predicts the risk of GFR decline and
progression to ESKD. The number of patients who
reached ESKD in these cohorts was relatively low at the
time of analysis (42 [18.6%] and 88 [5.4%]). In this
study, we uniquely provide granular clinical, radio-
logical and genetic data on a large cohort of patients
with ADPKD who reached ESKD.

Contrary to our expectations, we found that HtTKV
at time of ESKD varied substantially by age at ESKD in
our cohort. Patients who reached ESKD at older ages
had smaller HtTKV as compared with those who
reached ESKD at young ages. HtTKV was smaller by an
average of 12.3% at time of ESKD with each decade of
life. This novel finding provides insight on the possible
underlying mechanism leading to ESKD in ADPKD,
which likely differs between younger and older
individuals.

Although a negative correlation between age and
HtTKV at time of ESKD was observed in both women
and men overall, sex appeared to have a marked effect
on this relationship, as these findings were statisti-
cally significant in women but were attenuated in
men. Most patients with ESKD before 47 years of age
were men, whereas a larger percentage of patients
with ESKD older than 61 years were women. When
patients were stratified according to disease severity
reflected by the MIC, those with the most severe
disease (MIC 1E patients) had fully penetrant PKD
mutations (92%) and were predominately men (70%).
This suggests that PKD mutation strength and male
gender are major determinants of rapid cystic
expansion and is consistent with the results of the
CRISP study5,6 and the aggravating effect of testos-
terone in several rodent models of PKD.26–29 In
Kidney International Reports (2021) 6, 755–767



Table 3. Association between HtTKV at ESKD and clinical
characteristics in male patients(univariate and multivariate analysis)

Predictor n Estimatea 95% CI
% change
HtTKVb P value

A - Univariate analysis- Male patients

Age at ESKD (per decade) 138 �0.031 �0.062 to 0.001 �6.9 0.06

Genotype

PKD1T-PKD1NT1 55 REF REF REF REF

PKD1NT2-PKD2 25 �0.131 �0.242 to
�0.019

�26.0 0.02

Body mass index
(per 5 kg/m2)

134 0.025 �0.014 to 0.064 5.9 0.21

History of Smoking 138 0.040 �0.038 to 0.119 9.6 0.31

History of dyslipidemia 138 �0.060 0.139 to 0.018 �12.9 0.13

LDL (per 5 mg/dl) 50 �0.008 �0.018 to 0.001 �1.8 0.08

HDL (per 5 mg/dl) 47 �0.010 �0.034 to 0.013 �2.3 0.37

Framingham score (per
5%)

92 �0.017 �0.037 to 0.002 �3.8 0.07

High-risk score ($20%)c 92 �0.113 �0.210 to
�0.016

�22.9 0.02

Macrovascular disease 138 0.013 �0.077 to 0.103 3.0 0.77

B- Multivariate analysis- Male patients

Age at ESKD (decades) 50 �0.061 �0.250 to 0.128 �13.1 0.52

Genotype 50

PKD1T-PKD1NT1 - REF REF REF REF

PKD1NT2-PKD2 - 0.012 �0.208 to 0.231 2.8 0.92

LDL (per 5 mg/dl) 50 �0.001 �0.018 to 0.015 �0.2 0.87

Framingham Score
(per 5%)

50 �0.015 �0.067 to 0.098 3.5 0.72

High-risk Framingham
scorec

50 �0.110 �0.496 to 0.277 �22.4 0.58

CI, confidence interval; ESKD, end-stage kidney disease; HDL, high-density lipoprotein;
HtTKV, total kidney volume adjusted for height; LDL, low-density lipoprotein.
aBeta coefficient estimates derived from univariate linear or multivariate regression
models using the log base 10 transformation on the outcome (HtTKV).
bPercent change in HtTKV per unit increase in predictor variable was calculated by
subtracting 1 from the log of the estimate then multiplying by 100: % change/unit in-
crease in predictor ¼ (10Beta Estimate �1) �100.
cHigh-risk score is defined as having a Framingham score of $20%.

Table 4. Association between HtTKV at ESKD and clinical
characteristics in female patients (univariate and multivariate
analysis)

Predictor n Estimatea 95% CI
% change
HtTKVb P value

A- Univariate analysis- Female patients

Age at ESKD (per decade) 152 �0.085 �0.124,�0.046 �17.8 <0.01

Genotype

PKD1T-PKD1NT1 84 REF REF REF REF

PKD1NT2-PKD2 18 �0.049 �0.172 to 0.072 �10.7 0.42

Body mass index
(per 5 kg/m2)

148 0.025 �0.001 to 0.060 5.9 0.15

History of smoking 152 0.010 �0.077 to 0.098 2.3 0.05

History of dyslipidemia 150 �0.024 �0.110 to 0.061 �5.4 0.57

LDL (per 5 mg/dl) 56 �0.000 �0.009 to 0.009 0.0 0.99

HDL (per 5 mg/dl) 57 �0.017 �0.035,0.001 �3.8 0.06

Framingham score (per
5%)

124 �0.042 �0.071 to
�0.012

�9.2 <0.01

High-risk score ($20%)c 124 �0.155 �0.301 to
�0.009

�30.0 0.03

Macrovascular disease 152 �0.103 �0.217 to 0.009 �21.1 0.07

B- Multivariate analysis- Female patients

Age at ESKD (decades) 56 �0.020 �0.137 to 0.097 �4.5 0.74

History of smoking 56 �0.102 �0.255 to 0.051 �20.9 0.19

HDL (per 5 mg/dl) 56 0.003 �0.020 to 0.025 0.7 0.82

Framingham score (per
5%)

56 �0.031 �0.142 to 0.079 �6.9 0.58

High-risk Framingham
scorec

56 0.170 �0.243 to 0.583 47.9% 0.42

Macrovascular disease 56 -0.344 �0.674 to
�0.014

�54.7% 0.04

CI, confidence interval; ESKD, end-stage kidney disease; HDL, high-density lipoprotein;
HtTKV, total kidney volume adjusted for height; LDL, low-density lipoprotein.
aBeta coefficient estimates derived from univariate or multivariate linear regression
models using the log base 10 transformation on the outcome (HtTKV).
bPercent change in HtTKV per unit increase in predictor variable was calculated by
subtracting 1 from the log of the estimate then multiplying by 100: % change/unit in-
crease in predictor ¼ (10Beta Estimate � 1) x 100.
cHigh-risk score is defined as having a Framingham score of $20%.
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contrast, most patients with ESKD with class MIC 1B
or 2B were women (82%) with fewer fully penetrant
PKD mutations (55%). This suggests that the slower
cystic expansion in these patients allowed other age-
related factors to play a more important role in the
decline of kidney function. We moreover studied
whether the PKD mutation strength and various age-
related risk factors for cardiovascular diseases were
associated with HtTKV at ESKD in these patients. We
found that high Framingham scores and weak PKD
mutations in men, and high Framingham and macro-
vascular disease scores in women, were associated
with lower HtTKV at ESKD in the univariate analysis.
Only macrovascular disease scores in women were
associated with lower HtTKV at ESKD in the multi-
variate analysis when age was included in the model.
This association does not prove a causal relationship
between macrovascular disease and reaching ESKD in
women. The higher percentage of women with ESKD
in the older age groups compared with the group <47
years of age may be due in part to slower disease
Kidney International Reports (2021) 6, 755–767
progression, possibly owing to the effect of estrogens
on the renal cystic disease. In experimental PKD
models, ovariectomy attenuated the protective effect
of female gender and estrogens slowed disease pro-
gression.30,31 Menopause may affect PKD progression,
similar to the known effect of menopause on cardio-
vascular disease progression. In addition, prevalence
rates of hypertension and cardiovascular disease are
lower in women until the sixth decade of life and
then increase exponentially matching or exceeding
those observed in men.32,33 The reasons for this
phenomenon are thought to be related to changes in
sex hormones and differences in vascular aging,
including endothelial dysfunction and large elastic
artery stiffening.34–36 Metabolic syndrome and arte-
rial stiffness associated with type 2 diabetes are more
pronounced in aging women than men.34–36 In aging
women with type 2 diabetes, the relative risk of
cardiovascular disease, ischemic heart disease, and
stroke is higher than in similarly affected aging men
even after differences in other major cardiovascular
761



Figure 3. Log10 total kidney volume adjusted for height (HtTKV) at end-stage kidney disease (ESKD) was plotted against age at ESKD and
stratified according to Mayo Imaging Class at the time of ESKD (n ¼ 285). Best-fit lines and regression slopes are determined for each class.
The regression slope represents the percent change in HtTKV per decade of age at time of ESKD. The table below the figure includes pertinent
characteristics related to each specific Mayo Class.
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risk factors have been considered.37–40 Therefore, it is
possible but not proven that the steeper negative
slope of HtTKV at ESKD observed in women
compared with men with ADPKD may be in part due
to the accelerated vascular aging observed in older
women. Whether there is causal association between
accelerated vascular aging and ADPKD progression in
women after menopause deserves further study. If
there was, estrogen replacement therapy should not
be avoided in menopausal women with ADPKD, un-
less there is evidence of moderate to severe concom-
itant polycystic liver disease.41–43
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The finding that kidney volumes at ESKD are smaller
with advancing age, particularly in women, emphasizes
the complexity of mechanisms contributing to disease
progression in ADPKD and how they may be influ-
enced by age and differ between younger and older
individuals. Cystic growth is the predominant mecha-
nism in younger patients who progress earlier and
faster to ESKD, whereas aging-related factors likely
vascular in nature contribute substantially as patients
age (Figure 5). In addition to cystic expansion, exten-
sive vascular remodeling has been proposed to play an
important role in the progression of the disease.44–46
Kidney International Reports (2021) 6, 755–767



Figure 4. (a) Age of end-stage kidney disease (ESKD) is plotted for each pedigree based on their familial PKD mutation. The difference in ESKD
age onset between the youngest and oldest family member was calculated. The mean and SD of the age differences is noted. (b) Mayo Image
Class (MIC) is plotted for each pedigree based on their familial PKD mutation.
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The polycystins are expressed in endothelial cells,47,48

and endothelial cell dysfunction may occur early in
ADPKD.49–51 The polycystins are also expressed in the
vascular smooth muscle52–54 and may play a role in
Kidney International Reports (2021) 6, 755–767
sensing the mechanical environment of the vascular
wall.55–57 A reduction in renal blood flow precedes the
development of hypertension58 and precedes and pre-
dicts the decline in GFR.15,59 The administration of an
763



Figure 5. Graphic summarizing the factors contributing to renal function decline and emergence of end-stage kidney disease (ESKD) in
autosomal dominant polycystic kidney disease (ADPKD). Cystic growth is the predominant mechanism in younger patients who progress earlier
and faster to ESKD, whereas aging-related factors, likely vascular, contribute substantially as patients age. Aging-related vascular factors
associated with hormonal changes may contribute to progression of the disease in women following menopause.
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angiotensin-converting enzyme inhibitor partially re-
verses the reduction in renal blood flow.60,61 Remod-
eling of the renal vasculature has been reported to
occur at early stages in rodent models of the dis-
ease.62,63 Therefore, it is possible that renal vascular
remodeling, independent from cyst expansion, may
contribute to the renal functional decline in ADPKD
and that its contribution becomes more relevant in
patients with slowly progressive ADPKD.

The effect of aging on kidney structure and function
is not unique to but may be exaggerated in patients with
ADPKD. Aging of noncystic kidneys is associated with
micro-anatomic (arteriosclerosis, glomerulosclerosis,
tubular atrophy with interstitial fibrosis, decreased
number of glomeruli, and to some extent compensatory
hypertrophy of remaining nephrons) and macro-
anatomic (smaller cortical volume and TKV and renal
cysts) structural changes.64,65 After age 50, TKV starts
declining and GFR declines at a rate of 6.3 ml/min per
1.73 m2 per decade.66 A reduced nephron endowment at
birth is also thought to predispose to CKD later in life.67

Patients with ADPKD with a low birth weight, usually
associated with a reduced nephron endowment, reach
ESKD at an earlier age.68 There has been an increased
interest in understanding the molecular biology of
kidney aging. Mitochondrial oxidative stress and dam-
age may be a major contributor.69 Interestingly,
although the polycystins affect mitochondrial meta-
bolism,70,71 mitochondrial dysfunction and oxidative
stress likely play a role in the pathogenesis of
ADPKD.72,73 Therefore, it seems likely that polycystic
kidneys are particularly susceptible to aging.

An intriguing observation of this study is the large
variability of disease severity and ages at ESKD within
the same family. This finding highlights the complexity
of the factors, beyond PKD mutations, involved in
determining the severity of ADPKD. Our study is in
alignment with the recent reporting that showed the
presence of extreme kidney disease discordance in at
least 12% of families with ADPKD, regardless of the
underlying mutated gene or mutation class.74
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One of the major strengths of this study is the size of
the cohort and granularity and depth of individual
patient chart review. To our knowledge, this is the first
study analyzing HtTKV measurements at time of ESKD,
revealing implications for clinical practice. Although
disease-modifying therapies targeting epithelial cell
proliferation and fluid secretion are particularly
important for patients with rapidly progressive disease,
therapies targeting endothelial cell dysfunction and
vascular remodeling may be important not only for
patients with rapidly progressive disease but particu-
larly for less rapidly progressive disease. The slow
progression of cystic disease in older patients with
ADPKD along with the greater influence of other fac-
tors such as vascular remodeling may be the reason
why a beneficial effect of tolvaptan, a drug that blunts
cAMP-dependent cell proliferation and fluid secretion,
could not be demonstrated over 1 year of follow-up in
patients with ADPKD older than 55 years and an esti-
mated GFR of 25 to 44 ml per minute per 1.73 m2 in the
REPRISE clinical trial.75

There are several limitations to our study, given the
retrospective nature of the study design. First, our
study might have underestimated macrovascular dis-
ease, as some of the patients had only MRI abdominal
images, which did not allow an assessment of the
abdominal aortic calcification and not all patients had a
comprehensive cardiac testing. It is also possible that
some patients died from macrovascular disease before
reaching ESKD, precluding them from being included in
this study. However, only 0.7% of the patients died
before reaching to ESKD, indicating that the selection
bias in this study is minimal. Genetic analysis was not
available for the entire cohort. Most patients in this
cohort are white, therefore the generalizability of this
study’s results to other ethnic and racial groups may be
limited. Although a referral bias could be present given
that Mayo Clinic is a tertiary center, almost two-thirds
of the patients are from Minnesota and surrounding
states. The cohort is representative of the general
ADPKD population except for the race limitation. In
Kidney International Reports (2021) 6, 755–767
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addition, MIC may change over time. However, MIC
remained stable in most patients over time in both the
Mayo and CRISP cohort with only 11% to 22% of pa-
tients progressing to an immediate higher class.14 Last,
the accuracy of the TKV measurement at ESKD could be
affected, as the imaging studies were obtained over an
interval of 2.25 years around the time of onset of ESKD.
However, the vast majority of patients had their imag-
ing performed within a year of onset of ESKD, with
median time of the imaging being 4.8 months before
ESKD (interquartile range 0.7–11 months).

In conclusion, the kidney volume at ESKD is smaller
with advancing age in patients with ADPKD, particu-
larly in women. This novel finding provides insight
into the possible underlying mechanisms leading to
ESKD in ADPKD, which likely differ between younger
and older individuals. Cystic growth is the predomi-
nant mechanism in younger patients who progress
earlier and faster to ESKD, whereas other aging-related
factors, likely vascular, contribute substantially as
patients age. Aging-related vascular factors associated
with hormonal changes may contribute to progression
of the disease in women following menopause.
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