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Abstract

Introduction: Due to the wide variation in the prognosis of
autosomal dominant polycystic kidney disease (ADPKD),
prediction of risk of renal survival in ADPKD patients is a
tough challenge. We aimed to establish a nomogram for
the prediction of renal survival in ADPKD patients.
Methods: We conducted a retrospective observational
cohort study in 263 patients with ADPKD. The patients
were randomly assigned to a training set (N = 198) and a
validation set (N = 65), and demographic and statistical
data at baseline were collected. The total kidney volume
was measured using stereology. A clinical prediction
nomogram was developed based on multivariate Cox
regression results. The performance and clinical utility of
the nomogram were assessed by calibration curves, the
concordance index (C-index), and decision curve analysis
(DCA). The nomogram was compared with the height-
adjusted total kidney volume (htTKV) model by receiver

operating characteristic curve analysis and DCA. Results:
The five independent factors used to construct the nomo-
gram for prognosis prediction were age, htTKV, estimated
glomerular filtration rate, hypertension, and hemoglobin.
The calibration curve of predicted probabilities against
observed renal survival indicated excellent concordance.
The model showed very good discrimination with a C-index
of 0.91 (0.83-0.99) and an area under the curve of 0.94,
which were significantly higher than those of the htTKV
model. Similarly, DCA demonstrated that the nomogram
had a better net benefit than the htTKV model. Conclusion:
The risk prediction nomogram, incorporating easily assess-
able clinical parameters, was effective for the prediction of
renal survival in ADPKD patients. It can be a useful clinical
adjunct for clinicians to evaluate the prognosis of ADPKD
patients and provide individualized decision-making.
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Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is the fourth most common cause of end-
stage renal disease (ESRD) and accounts for 5-10% of
all ESRD [1, 2]. It is caused by genetic mutations in which
the two main pathogenic genes are polycystin 1 (PKD1)
(about 80%) and polycystin 2 (PKD2) (about 15%) [3, 4],
although more than 1,400 pathogenic mutations have
been reported that can result in ADPKD [4]. These
mutations lead to the development and irreversible ex-
pansion of bilateral renal cysts, resulting in the progres-
sive deterioration of renal function [5]. The incidence of
ADPKD is approximately 1:1,000-1:2,500 [6-8], with
50% of these patients reaching ESRD between the ages
of 50 and 60 years [9]. Due to the causal heterogeneity, the
prediction of renal prognosis in ADPKD patients is a
challenging task for clinicians. There is thus a significant
need for the development of convenient and reliable
models for the prediction of renal survival to optimize
the treatment of patients with ADPKD.

Previous studies have reported a variety of key predictors
associated with ADKPD progression, including PKD1 mu-
tation [9], total kidney volume (TKV) [9], early eGRF
decline [10, 11], female with multiple pregnancies [12],
hypertension [11, 13, 14], age [11, 15], male [9, 11], obesity
[16], and proteinuria [14], among others [2, 17, 18]. Of
these, height-adjusted total kidney volume (htTKV) and
mutations in PKD1 are the most commonly used prog-
nostic indicators [19]. Currently, there is no single predictor
that can fully predict the prognosis of ADPKD patients.
Combining a series of predictive indicators may thus
provide a superior predictive capability.

To date, ADPKD remains an incurable disease. Pre-
viously, treatment for patients with ADPKD has been
geared toward the management of the clinical manifes-
tations and complications, such as blood pressure control,
pain relief, urinary tract infection, and kidney stones [20].
With advancements in research into the molecular mech-
anism of ADPKD, targeted therapy has been considered
an effective treatment [21]. Drugs that can inhibit the
growth of cysts have been found to be effective in slowing
the rapid progression of polycystic kidney disease, but
they are less effective during the early and late stages of
the disease. Therefore, an effective predictive model will
not only enable prognosis prediction but also the iden-
tification of patients who are most likely to benefit from
early intervention [18, 22, 23].

There are few reports on prognostic models of
ADPKD-related renal survival in the Chinese population.
In this study, we explored predictive factors associated
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with ADPKD prognosis to identify a combination of
several variables that could predict the progression of
ADPKD to ESRD. We then developed and internally
validated a nomogram to support treatment decision-
making in Chinese patients with ADPKD.

Methods

Research Design and Participants

This was a single-center retrospective observational cohort
study. Patients who were diagnosed with ADPKD were consec-
utively documented between January 2006 and December 2019 at
the First Affiliated Hospital of Wenzhou Medical University and
followed up until July 2022.

The inclusion criteria were as follows: (1) diagnosis of ADPKD
using unified ultrasound diagnostic criteria [24]; (2) age >18 years;
(3) patients underwent abdominal computed tomography (CT) or
magnetic resonance imaging (MRI) scans at baseline with com-
plete visualization of the kidneys on the images; (4) baseline
estimated glomerular filtration rate (eGFR) >15 mL/min/
1.73 m% (5) at least two follow-up measurements of serum
creatinine before the development of ESRD. The exclusion criteria
were as follows: (1) patients who had received renal replacement
therapy at baseline; (2) incomplete CT or MRI images that affected
the analysis; (3) no baseline and follow-up data; (4) follow-up time
of less than 4 months and did not reach ESRD; (5) acute kidney
injury at baseline. Consequently, a total of 263 patients with
ADPKD were enrolled in the present study.

The patients were randomly assigned to a training set (N = 198)
and a validation set (N = 65) using R software. This retrospective
study was approved by the Ethics Committee of the First Affiliated
Hospital of Wenzhou Medical University.

Data Collection and Follow-Up

Data were extracted from the electronic medical record system
of the hospital. Patient demographic and clinical data were col-
lected, including sex, age, body mass index, htTKV, family history,
fertility history, medical history (e.g., hypertension, polycystic liver
disease, hepatitis B, fatty liver, diabetes mellitus, urinary tract
infection, kidney bleeding, abdominal wall hernia, kidney stones,
and malignant tumors), and baseline laboratory parameters (e.g.,
serum creatinine, urea, nitrogen, uric acid, hemoglobin, albumin,
hematuria, and proteinuria). Creatinine levels were measured
enzymatically. The eGFR was calculated using the CKD-EPI
equation. The baseline TKV was measured by standard abdominal
CT or MRI scans and three-dimensional reconstruction using
analysis software (ITK-SNAP Documentation: version 3.x). Renal
volume was measured by stereology, which is consistent with the
guidelines of the Mayo Clinic. The measurements of kidney
volume were performed independently by two blinded and expe-
rienced clinicians, and any disagreements were resolved through
discussion. The CT and MRI readings were equivalent and did not
systematically overestimate or underestimate the TKV [23].

The endpoint of this study was progression to ESRD (with
ESRD defined as eGFR <15 mL/min per 1.73 m?). Renal survival
was defined as the time from the baseline assessment to ESRD (in
months). In addition, the patients who did not develop ESRD were
classified as having censored values at the time of the last follow-
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up. After the first evaluation, patients were regularly followed up
and monitored in the internal medicine clinic, and laboratory
examinations were performed when indicated.

Statistical Analysis

The normality of the data distribution of all variables was
assessed by the Kolmogorov-Smirnov test. Continuous variables
with normal distribution were expressed as mean * standard
deviation, whereas continuous variables with non-normal distri-
bution were described as the median and interquartile range.
Categorical variables were expressed as numbers (percentages).

The ¥? test (categorical variables), one-way ANOVA (normally
distributed variables), or Kruskal-Wallis H test (non-normally
distributed variables) were used to analyze the differences between
different groups. Due to the potential prognostic value of the
clinical variables, univariate Cox regression analysis was used for
the preliminary identification of clinical risk factors related to renal
survival in the training set. All factors with p < 0.05 in the
univariate Cox analysis were included in the multivariate Cox
regression. The backward stepwise selection of the Akaike Infor-
mation Criteria (AIC) was used to identify the significantly
relevant variables [25]. The hazard ratios and 95% confidence
intervals were computed.

Significant variables identified by the multivariate Cox regres-
sion were used to construct a nomogram for the prediction of 3-
and 5-year renal survival. The performance of the nomogram was
evaluated by discrimination and calibration analyses in the train-
ing and validation sets. Discrimination was measured by Harrell’s
concordance index (C-index) [26], and calibration was evaluated
using calibration plots. The calibration plot was a graphic repre-
sentation of the relationship between the observed frequencies and
the predicted probabilities, with a bootstrapped sample. Further-
more, receiver operating characteristic analysis was conducted to
assess and compare the discrimination of the nomogram to the
htTKV model for the prediction of 3- and 5-year survival using the
area under the curve (AUC) values. To evaluate the clinical utility
of the nomogram, decision curve analysis (DCA) was carried out
to quantify the net income under different threshold probabilities
[27]. All statistical analyses were performed in R software (version
3.4.4, http://www.R-project.org) and Empower Stats software
(www.empowerstats.com, X&Y Solutions, Inc., Boston, MA,
USA). p values <0.05 were considered statistically significant. R
libraries and codes used in this study were presented in the online
supplementary materials (for all online suppl. material, see https://
doi.org/10.1159/000531329).

Results

Patient Characteristics

The clinical characteristics of the 198 ADPKD patients
in the training cohort and 65 patients in the validation
cohort are shown in Table 1. The median follow-up time
was 53 months (31-81.5) and 45 months (28-71) for
training and validation sets, respectively. Of the 263
ADPKD patients, 175 patients (66.5%) showed renal
survival during follow-up, while 88 patients (33.5%)
developed ESRD.

Development of a Prognostic Model to
Predict Disease Progression

Identification of Factors Associated with Renal Survival

Univariate Cox regression analysis (Table 2) showed
that baseline age, htTKV, eGFR, hypertension, hemoglo-
bin, albumin, uric acid, serum urea, and urine protein
were significantly associated with renal survival, and these
variables were included in the multivariate regression
analysis. The multivariate analysis confirmed that age
(p = 0.008), htTKV (p = 0.036), eGFR (p < 0.001),
hypertension (p < 0.001), and hemoglobin (p < 0.001)
were independently associated with renal survival
(Table 2), and all of these factors constituted the final
model based on the backward stepwise selection of the
Akaike Information Criteria (AIC) (Table 3). Overall,
ADPKD patients with larger TKVs, early onset of hyper-
tension, lower eGFR, and lower hemoglobin were at
higher risk of progression to ESRD. On the other
hand, albumin, uric acid, blood urea nitrogen, and urine
protein were not independently associated with renal
survival.

Development of the Nomogram

Based on the final stepwise (stepAIC) selected multi-
variate Cox regression model, a nomogram (Fig. 1) with
five independent factors (age, htTKV, eGRF, hyperten-
sion, and hemoglobin) was established to predict the 3-
year and 5-year probabilities of renal survival in the
training set. Briefly, the nomogram located the position
of each variable on the corresponding axis, and a straight
line was drawn from the point on the axis to obtain the
number of points. The points were summed, and a
straight line was drawn from the total-point axis to the
3- and 5-year renal survival axes to predict the risk of
progression in ADPKD patients.

Performance and the Clinical Utility of the Nomogram

To validate the performance of the nomogram, an
internal verification using a 1,000-times bootstrapped
calibration test was performed. The nomogram demon-
strated an excellent difference in estimating the likelihood
of renal survival, with an unadjusted C-index of 0.91 (95%
confidence interval: 0.83-0.99) and a bootstrap-corrected
C-index of 0.90. In addition, the calibration plot showed
that the prediction of renal survival corresponded with
the actual survival data in the training set (Fig. 2a, ¢) and
the validation set (Fig. 2b, d).

The nomogram was compared with the htTKV model
in the training and validation sets to further evaluate its
predictive ability. Receiver operating characteristic anal-
ysis indicated that the nomogram was superior to htTKV
alone (3-year AUC 0.910 vs. 0.681 for the training set,
0.941 vs. 0.732 for the validation set, and 5-year AUC
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Table 1. Characteristics of patients in the training set and validation sets

Parameters, median [25-75p]/number (%) Training set, n = 198 Validation set, n = 65 p value
Gender 0.173

Female, n (%) 86 (43.4) 22 (33.8)

Male, n (%) 112 (56.6) 43 (66.2)
Age, years 49.0 [40.2-58.8] 52.0 [38.0-60.0] 0.561
htTKV, mL/m 687.7 [455.0-1,125.0] 613.2 [456.5-950.1] 0.224
eGFR, mL/min/1.73 m? 77.1 [48.7-101.6] 65.6 [38.1-98.3] 0.389
BMI, kg/m? 22.5 [21.0-24.6] 23.7 [20.3-25.6] 0.059
Hemoglobin, g/L 125.0 [112.0-139.8] 130.0 [117.0-144.0] 0.124
Albumin, g/L 40.3 [36.8-44.1] 425 [37.4-45.5] 0.066
Uric acid, pmol/L 349.5 [274.5-415.8] 415.5 [296.8-492.0] 0.002
Serum urea, mmol/L 6.5 [5.3-8.4] 7.3 [5.6-10.1] 0.121
Renal survival, months 53.0 [31.0-81.5] 45,0 [28.0-71.0] 0.134
Family history, yes, n (%) 85 (42.9) 33 (51.6) 0.228
Fertility history, n (%) 0.338

Men and no birth 125 (63.1) 46 (70.8)

1-2 (one or two pregnancies) 58 (29.3) 13 (20.0)

>2 (three or more pregnancies) 15 (7.6) 6 (9.2)
Viral hepatitis B, yes, n (%) 20 (10.1) 5(7.7) 0.566
Fatty liver, yes, n (%) 15 (7.6) 6 (9.2) 0.669
Abdominal wall hernia yes, n (%) 8 (4.0) 2 (3.1) 0.725
Kidney stones, yes, n (%) 77 (38.9) 23 (35.4) 0.614
Polycystic liver, yes, n (%) 164 (82.8) 53 (81.5) 0.812
Urinary tract infection, yes, n (%) 43 (21.7) 10 (15.4) 0.269
Diabetes, yes, n (%) 8 (4.0) 5(7.7) 0.239
Malignant tumor, yes, n (%) 17 (8.6) 7 (10.8) 0.596
Hypertension, yes, n (%) 152 (76.8) 49 (75.4) 0.820
Urine protein, yes, n (%) 67 (34.0) 25 (39.1) 0.462
Hematuria, yes, n (%) 61 (31.0) 15 (23.4) 0.250
Kidney bleeding, yes, n (%) 38 (19.2) 8 (12.3) 0.205

htTKV, height-adjusted total kidney volume; eGFR, estimated glomerular filtration rate; BMI, body mass

index.

0.963 vs. 0.743 for the training set, 0.928 vs. 0.710 for the
validation set) in predicting the 3-year probability of renal
survival (Fig. 3a, b) and the 5-year probability of renal
survival (Fig. 3¢, d). Lastly, DCA was used to compare the
clinical utility of the nomogram to that of the model based
on htTKV. This showed that the screening strategy of the
nomogram using the estimates for the likelihood of renal
survival provided a better net benefit than htTKV alone
(Fig. 4).

Discussion

Based on the demographic and clinical characteristics
data from a cohort of Chinese ADPKD patients, we
developed and validated a visual nomogram model for
ADPKD patients to predict kidney prognosis. Earlier age,
larger baseline TKV, lower eGFR, lower hemoglobin, and
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hypertension were significantly associated with renal
survival. In this study, the baseline age is associated
with prognosis. It is not that younger patients have a
worse prognosis, but rather that patients who experience
symptoms at an earlier age have a worse prognosis, which
is consistent with clinical observations. The nomogram
accurately predicted the probability of renal survival, with
a bootstrapped corrected C-index of 0.90.

The number of patients with ESRD is increasing yearly,
leading to significant medical expenses that place a heavy
socioeconomic burden on the patients, families, and the
country [28, 29]. Given that there are significant differ-
ences in the natural history of individuals with polycystic
kidney disease, some patients will rapidly progress to
ESRD before the age of 40, while others do not need renal
replacement therapy during their lives. Current knowl-
edge of the molecular mechanisms underlying polycystic
kidney disease has confirmed that a variety of drugs can
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Table 3. Stepwise (stepAlC)-selected
model from the multivariate Cox

regression analysis

Table 2. Cox regression models of variables associated with renal survival outcomes

Renal survival

univariate analysis

multivariate analysis

HR 95% Cl p value HR 95% Cl p value

Gender (male vs. female) 1.34 0.86-2.09 0.196
Age, years 1.02 1.01-1.04  0.008 0.97 0.94-099 0.008
BMI, kg/m? 1.04 097-1.11  0.257
htTKV, mL/m 1.00 1.00-1.00 <0.001 1.00 1.00-1.00 0.036
eGFR, mL/min/1.73 m? 0.95 0.94-0.96  <0.001 0.94 0.92-095 <0.001
Family history (yes vs. no) 1.16 0.76-1.77  0.490
Fertility history

Men and no birth Reference  Reference  Reference

1-2 (one or two pregnancies) 0.80 0.48-1.33 0.383

>2 (three or more pregnancies) 1.94 0.96-3.93  0.066
Viral hepatitis B (yes vs. no) 1.12 0.56-2.23 0.756
Fatty liver (yes vs. no) 0.37 0.12-1.17  0.092
Abdominal wall hernia (yes vs. no) 0.34 0.05-242  0.280
Kidney stones (yes vs. no) 0.87 0.56-1.37  0.561
Polycystic liver (yes vs. no) 1.72 0.83-3.57 0.144
Urinary tract infection (yes vs. no) 0.77 0.45-1.32 0.340
Diabetes (yes vs. no) 1.62 0.70-3.73  0.256
Malignant tumor (yes vs. no) 0.76 0.31-1.87 0.547
Hypertension (yes vs. no) 245 1.30-4.62 0.006 362 1.76-744 <0.001
Hemoglobin, g/L 0.98 0.97-0.99 <0.001 098 0.96-0.99 <0.001
Albumin, g/L 0.97 0.94-1.00 0.028 1.02 0.98-1.07 0.358
Uric acid, pmol/L 1.01 1.00-1.01 <0.001 1.00 1.00-1.00 0.335
Serum urea, mmol/L 1.19 1.15-1.24 <0.001 1.05 0.99-1.11  0.120
Urine protein (yes vs. no) 3.26 2.10-5.04  <0.001 142 0.87-230 0.160
Hematuria (yes vs. no) 1.20 0.77-1.87 0425
Kidney bleeding (yes vs. no) 1.39 0.85-2.27  0.191

htTKV, height-adjusted total kidney volume; eGFR, estimated glomerular filtration rate; BMI, body mass
index; HR, hazard ratio; Cl, confidence interval.

Parameters Coefficient HR 95% Cl p value
Age, years —-0.0454 0.956 0.931-0.981 <0.001
htTKV, mL/m 0.0003 1.000 1.000-1.001 0.139
eGFR, mL/min/1.73 m? —-0.0636 0.938 0.924-0.954 <0.001
Hypertension, yes, n (%) 1.5055 4507 1.639-12.394 0.004
Hemoglobin, g/L —-0.0251 0.975 0.962-0.989 <0.001

htTKV, height-adjusted total kidney volume; eGFR, estimated glomerular filtration
rate; HR, hazard ratio; Cl, confidence interval.

slow down the growth of kidney cysts, leading to oppor-
tunities for targeted therapy. Thus, an effective prognostic
model is essential for the selection of high-risk patients
for which intervention can be instituted early. Moreover,
the use of a prognostic model can improve the patient’s

Development of a Prognostic Model to
Predict Disease Progression

knowledge and understanding of the individual risk of
progression to ESRD. Our low-risk, low-cost model
identifies patients likely to show rapid disease progres-
sion, which will aid clinical decision-making in individ-
ualized management plans.
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Several studies have confirmed that the htTKV is an by Chapman et al. [30] (the CRISP cohort study) found
important predictor of eGFR decline, resulting in its use that an htTKV >600 mL/m predicted the risk of stage 3

as a prognostic biomarker in clinical trials [30]. The study CKD over an 8-year follow-up. A further study using a
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median follow-up of 13 years found that the TKV was
associated with a 57% decline in GFR and progression to
ESRD [31]. Irazabal et al. [23] established an image-based
model utilizing baseline age and htTKV to predict the
GFR decline in ADPKD patients with typical imaging
findings. However, this model was less accurate for
patients with atypical imaging findings. The present study
also confirmed that htTKV was a biomarker of renal
prognosis. However, our nomogram displayed better
predictive performance and clinical utility than htTKV
for predicting the likelihood of ESRD development [32].
Additionally, the nomogram, compiled using five inde-
pendent factors (age, htTKV, eGRF, hypertension, and
hemoglobin), quantified the magnitude of the association
of each of these five factors with the likelihood of pro-
gression to ESRD.

In addition, mutation in PKD1 is another factor that is
often used for prognostication in many studies, whereby
patients with PKD1 mutations have a more severe clinical
phenotype and younger age at presentation with kidney
failure (median age 54.3 [52.7-55.9] vs. 74.0 [67.2-80.8]

Development of a Prognostic Model to
Predict Disease Progression

years) than patients with PKD2 mutations [9, 33]. How-
ever, the prognosis of individuals with the same genetic
mutations varies. Interestingly, Yu et al. [31] have re-
ported that genotype is no longer an independent pre-
dictor after adjustment for baseline htTKV.

The PROPKD score developed by Cornec-Le Gall et al.
[34] is a new algorithm for predicting kidney survival in
ADPKD patients [35]. This was based on four variables,
including the genotype, and the total scores of these
predictors were categorized into three types of ESRD
risk, namely, low-risk, medium-risk, and high-risk, which
corresponded to the ages of ESRD development at 70.6,
56.9, and 49 years old, respectively. Given that PROPKD
scoring requires genetic analysis, the associated high cost
has limited its use in clinical practice. In addition, based
on the patient data in the TEMPO 3:4 placebo group [36],
McEwan et al. [20] proposed the ADPKD-OM model
which predicts annual changes in TKV and eGFR. This
model appears appropriate for patients with early disease
and good renal function, but it is not effective in predict-
ing the late stage of the disease.

Kidney Dis 7
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Li et al. [36] constructed a nomogram based on MRI
T1 and T2 radiomic features for the evaluation of renal
function in ADPKD. Using univariate logistic regression
analysis, the radiomic nomogram model showed an AUC
of 0.8435 in the assessment of the risk of GFR <60 mL/
min per 1.73 m?%. However, this was a small-sample cross-
sectional study, and more data support is needed.

Our study incorporated clinical variables that may be
related to prognosis, albeit without including the var-
iable of gene mutation. As is well known, genetic testing
is not only costly but also not available in most hos-
pitals. Besides, the genotype is the main determinant of
the baseline TKV, as has been shown in several studies,
and is thus an external manifestation of the genotype
that fully represents the predictive value of genotype in
the model [31]. Therefore, our predictive model has
wider applicability and generalizability and thus pro-
vides valuable prognostication for the Chinese ADPKD
population.

To our knowledge, our risk model represents the first
that uses a nomogram for the prediction of renal
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survival in ADPKD patients. Nomograms are widely
used in tumor prognosis as they enable individualized
risk estimation based on the specific characteristics of
patients and diseases. The role of the nomogram in the
prognosis and management of chronic diseases is in-
creasingly accepted by clinicians [37]. The most im-
portant consideration regarding the use of nomograms
is the need to further evaluate their discrimination,
calibration, and clinical applicability. Generally, despite
their excellent performance in risk prediction, nomo-
grams are less accurate in capturing clinical results with
a certain level of deviation or calibration error. There-
fore, we conducted a DCA to ascertain the judgment of
the nomogram in its clinical utility. This method is
based on the threshold probability of obtaining a net
benefit and provides novel insights into clinical out-
comes [27]. The DCA for the prediction nomogram in
ADPKD patients revealed that the screening strategy
based on this nomogram for estimating the likelihood
of renal survival brought better net benefit than htTKV
alone.
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The strengths of this study included the construction of a
predictive model based on a real patient cohort in China
that was completely independent of other predictive models.
Our nomogram simply and clearly predicted the 3- and 5-
year probabilities of renal survival in ADPKD patients,
which would assist patients and clinicians in estimating
the possible course of the disease and thus in strategizing a
treatment plan. However, there were limitations to our
study. First, the TKV was assessed by CT or MRI, of which
MRI has the advantage of reduced radiation exposure.
Second, the predictive nomogram was based on retrospec-
tive data from a single center, and thus future multi-center
prospective studies with larger sample sizes investigating
different races or populations are required for further
validation of the reliability of the nomogram and its applic-
ability in different healthcare settings.

In conclusion, this study described the construction of
anomogram that incorporated age, htTKV, eGFR, hyper-
tension, and hemoglobin. The nomogram showed ex-
cellent performance in both the training and validation
sets for predicting the likelihood of renal survival. It can
thus be a useful clinical adjunct for clinicians to evaluate
the prognosis of ADPKD patients and provide individ-
ualized decision-making. It is especially valuable for
clinicians when strategizing treatment recommendations
for ADPKD patients with rapid disease progression.
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