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BACKGROUND. A treatment option for autosomal dominant polycystic kidney disease (ADPKD)
has highlighted the need to identify rapidly progressive patients. Kidney size/age and genotype
have predictive power for renal outcomes, but their relative and additive value, plus associated
trajectories of disease progression, are not well defined.

METHODS. The value of genotypic and/or kidney imaging data (Mayo Imaging Class; MIC) to
predict the time to functional (end-stage kidney disease [ESKD] or decline in estimated glomerular
filtration rate [eGFR]) or structural (increase in height-adjusted total kidney volume [htTKV])
outcomes were evaluated in a Mayo Clinic PKD1/PKD2 population, and eGFR and htTKV trajectories
from 20-65 years of age were modeled and independently validated in similarly defined CRISP and
HALT PKD patients.

RESULTS. Both genotypic and imaging groups strongly predicted ESKD and eGFR endpoints,
with genotype improving the imaging predictions and vice versa; a multivariate model had
strong discriminatory power (C-index = 0.845). However, imaging but not genotypic groups
predicted htTKV growth, although more severe genotypic and imaging groups had larger kidneys
at a young age. The trajectory of eGFR decline was linear from baseline in the most severe
genotypic and imaging groups, but it was curvilinear in milder groups. Imaging class trajectories
differentiated htTKV growth rates; severe classes had rapid early growth and large kidneys, but
growth later slowed.

CONCLUSION. The value of imaging, genotypic, and combined data to identify rapidly progressive
patients was demonstrated, and reference values for clinical trials were provided. Our data indicate that
differences in kidney growth rates before adulthood significantly define patients with severe disease.

FUNDING. NIDDK grants: Mayo DK058816 and DK090728; CRISP DK056943, DK056956, DK056957, and
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a common (~1/1000 individuals) (1) mono-
genic disease characterized by cyst development and growth, resulting in enlarged kidneys and end-stage
kidney disease (ESKD) (2), accounting for 4%—10% of ESKD worldwide (3, 4). The major loci are PKDI
(~78% cases) and PKD2 (~15%) (5-8), with minor loci accounting for a small proportion of often atypical
patients, plus a group of genetically unresolved cases (9—12). The recent approval of a specific treatment
option for ADPKD — tolvaptan, which is only indicated for individuals defined as having rapidly progres-
sive disease — highlights the need to identify such cases and better understand disease trajectories (13—15).

The germline gene and mutation are associated with the disease outcome; the median age at onset of
ESKD significantly differs between patients with PKDI truncating (PKD17; 55.6 years [55.6y]), nontrun-
cating (PKDI1NT; 67.9y), and PKD?2 (79.7y) mutations (16). Bioinformatic categorization of PKDINT into
those predicted to be fully penetrant (termed here PKD1N™) and those considered hypomorphic (PKD1N?)
showed a higher estimated glomerular filtration rate (¢GFR) in PKDIN? compared with PKDI1NT! and
PKDIT (9). Mutation categorization (PKD1T, PKDINT, PKD?2), combined with clinical indications (early
onset of hypertension or urinary symptoms; the PROPKD score), have provided further predictive power
for renal outcomes (17).

The CRISP study showed that the growth of MRI-determined total kidney volume (TKV) in ADP-
KD patients is exponential (18), and that height-adjusted TKV (htTKV) has predictive value for future
GFR decline (19, 20). The further value of imaging was shown by the Mayo Imaging Class (MIC), where
patients with atypical radiological patterns were placed in Class 2, and typical patients were categorized
as htTKV/age groups based on theoretical growth rates from a common starting htTKV of 150 mL/m at
birth; < 1.5% (MIC-1A), 1.5%-3% (MIC-1B), 3%—4.5% (MIC-1C), 4.5%—6% (MIC-1D), and > 6% (MIC-
1E) (21). MIC was found to strongly predict renal survival during a 10-year follow-up (i.e., MIC-1E had a
much poorer outcome than MIC-1A). The rate of GFR decline in ADPKD has often been considered to
have a “hockey stick” trajectory of conserved function followed by a period of rapid decline of 3-5 mL/
min/1.73 m?/y (22-24). This is partially reflected in recent analysis of the CRISP and HALT PKD popula-
tions (25, 26). While mild groups had extended preserved function, steeper curvilinear slopes were associ-
ated with increasingly severe MICs, with close to a linear decline for MIC-1E. Genotype is also associated
with htTKYV, with kidney sizes larger by genotypic classes (PKD1T and PKDINT! > PKDIN? > PKD?2),
although the rate of growth did not differ between PKD1 and PKD2 patients (9, 18, 27). Consistently,
there is a strong correlation between MIC and genotypic and PROPKD groups (21, 28). Sex — with males
having more severe kidney disease — has been associated with age at ESKD, eGFR, and htTKV (9, 17),
and lower BMI (minus kidney and liver weight) was associated with a lower rate of change of TKV (29).

Despite progress in understanding factors that correlate with kidney disease severity, there has been
no systematic analysis of the effects of genotype and value of MIC for predicting disease progression and
outcomes in a well-defined, longitudinally followed, ADPKD population. Here, we describe the predictive
power of defining patients by genotype and/or MIC to determine the time to functional and structural
outcomes, and we also analyze the trajectories of eGFR and htTKYV over time for these classes in Analysis
and Validation cohorts.

Results
Baseline characteristics. Selection of the Analysis Cohort of PKD1 and PKD2 patients is shown in Figure 1.
The genotypic analysis defined the groups as PKD17%, PKDIN!, PKD1N2 or PKD2 and MIC as MIC-1A
to MIC-1E. In the Analysis Cohort employed to assess overall renal survival (N = 1079; Figure 1), baseline
MIC, eGFR, and htTKYV, as well as age at ESKD, baseline eGFR and baseline htTKV, were found to signifi-
cantly differ between genotypes, whereas sex and BMI were similar across the genotypic groups (Table 1).
Factors influencing renal survival from birth. Kaplan-Meier renal survival analysis showed a median
age at onset of ESKD of the whole population (z = 1079) of 61.2y (data not shown). Sex significantly
differed, with males reaching ESKD 5.7y earlier than females, but BMI was only marginally significant
(Supplemental Figure 1, A and B; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.138724DS1). The overall median age at ESKD for PKD1 patients was 58.0y
(PKD1 males, 55.7y; females, 59.4y), compared with 74.8y for PKD2 (males 71.2y and 50% females
not experiencing ESKD; data not shown). The 4 genotypic divisions significantly separated the popu-
lation, with median PKD1 ESKD ages ranging from 55.3y (PKD17) to 66.2y (PKD1N™?) (Figure 2A).
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Figure 1. Flowchart showing the selection and details of the Analysis and Validation cohorts. The Analysis Cohort consists of Mayo patients, and the
Validation Cohort is derived from the CRISP and HALT PKD study populations. All included patients had a PKD7 or PKD2 mutation, with atypical genotypes
removed, as indicated. Patients with an atypical MIC or incomplete data were also removed. The chart also shows the selection, size, available data, and

average follow-up time for each of the analyses described in the paper, with corresponding data tables and figures indicated. Comparison of the baseline
characteristics of the 2 cohorts are shown in Supplemental Table 3.
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The MICs showed even greater separation between classes, with onset of ESKD ranging from 45.1y
(MIC-1E) to 71.2y (MIC-1B); less than 20% of MIC-1A patients reached ESKD (Figure 2B). Renal
survival analysis of MICs-1E to -1B separated by the genotypic groups identified a few PKD2 and
PKDI1NT2 patients with large kidneys but better-than-expected renal survival, providing further differ-
entiation of the patient populations (Figure 2, C-F).

Association between genotype or MIC and time to ESKD, or 50% eGFR decline/ ESKD from baseline. Details
of the cohorts used for time-to-event analyses are shown in Figure 1. Average (+ SD) follow-up time
was 16.5y (0.81) for the endpoint of ESKD and 11.2y (0.45) for 50% eGFR decline/ESKD (eGFR <
50%/ESKD). From baseline, the median time to ESKD for PKD17 patients was 11.0y, compared with
17.5y for PKD 1N with 50% of PKD?2 patients not experiencing ESKD during follow-up (Figure 3A).
For eGFR < 50%/ESKD from baseline, the time to endpoint varied considerably: PKD1T (7.3y) and
PKDINT! (8.5y), compared with PKD1N? (12.5y) and PKD2 (15.6y) (Figure 3C). Even greater resolv-
ing power was evident for these endpoints with the MICs: for ESRD, MIC-1E = 8.1y compared with
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Table 1. Baseline characteristics of the Analysis Cohort, by genotypic group.

Baseline characteristic

Sex, N (%): F
N (%):M
BMIA, N
BMI, kg/m?, mean (SD)
ESKD, N
Age at ESKD, mean (SD)
eGFR*, N
Age at eGFR, mean (SD)
eGFR (CKD-EPI), mean (SD)
htTKVA, N
Age at htTKV, mean(SD)
Baseline htTKV (mL/m),
med [IQR]
Mayo Imaging Class(21),
N (%)

1A

1B

1C

1D

1E

Genotypic Group
PKD1-T PKD1-NT1 PKD1-NT2 PKD2 Total p
(N =549) (N = 166) (N =190) (N=174) (N =1079)
338 (61.6%) 104 (62.7%) 112 (58.9%) 101(58.0%) 655 (60.7%) 0.75
211 (38.4%) 62 (37.3%) 78 (41.1%) 73 (42.0%) 424 (39.3%)
411 123 144 129 807
274 (6.4) 274 (4.9) 276 (5.9) 28.0(5.2) 275 (5.9) 0.15
16 30 38 1 195 <.0001
49.8 (8.8) 51.9(8.7) 55.9 (9.4) 70.4 (5.0) 52.5 (10.0) <.0001
437 145 153 155 890
40.5 (11.9) 42.9(11.8) 46.2 (13.4) 483 (12.7) 43.2 (12.7) < 0.001
59 (32) 64 (31) 66 (29) 71(27) 63 (31) < 0.001
318 12 103 12 645
39.8 (11.8) 42.8 (11.4) 45.9 (13.) 49.6 (12.3) 43.0 (12.6) < 0.001
817.2 627.6 515.1 4817 659.1
[484.0,1327.7] [414.6,1251.8] [307.0, 935.9] [307.0, 928.7] l405.8,1172.9) <000
319 112 104 m 646
8 (2.5%) 15 (13.4%) 22 (21.2%) 27 (24.3%) 72 (11.1%)
58 (18.2%) 29 (25.9%) 31(29.8%) 38 (34.2%) 156 (24.1%)
106 (33.2%) 27 (241%) 33 (31.7%) 32 (28.8%) 198 (30.7%) < 0.001

93 (29.2%)
54 (16.9%)

23 (20.5%)
18 (16.1%)

13 (12.5%)
5 (4.8%)

11(9.9%)
3 (2.7%)

140 (21.7%)
80 (12.4%)

ABaseline BMI, eGFR, and htTKV were defined as the first available data after the patient was 15y or older.
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16.4y for MIC-1C; 50% of the -1A and -1B patients did not reach ESKD during follow-up (Figure 3B).
For the eGFR < 50%/ESKD endpoint, the average time to endpoint was 4.9y for MIC-1E, compared
with 17.3y for -1B (Figure 3D).

Univariate and multivariate analyses of factors associated with severity of kidney disease. In the univariate
analysis, sex, genotype, and baseline MIC, eGFR, and BMI were all found to be associated with the
incidence of both ESKD and eGFR < 50%/ESKD during follow-up, with hazard ratios (HR) and 95%
CI shown in Table 2. For instance, the risk of reaching ESKD during follow-up was 5.95% greater for a
PKD17 patient than PKD2, and 4.05% greater for the eGFR < 50%/ESKD endpoint. Corresponding data
for MIC showed MIC-1E patients having a 25% or 11.6x higher risk of ESKD or eGFR < 50%/ESKD,
respectively, during follow-up than MIC-1B patients. As a further example, a lower baseline eGFR by
10 mL/min/1.73 m? equated to a 1.9x or 1.5x greater risk of reaching ESKD or eGFR < 50%/ESKD
during follow-up, respectively. When adjusting both individually and combined for sex and baseline eGFR
and BMI, results retained statistical significance for both the ESKD and eGFR < 50%/ESKD endpoints
for the genotypic groups PKD 12 and PKD2 when compared with PKD17T; however, results were attenu-
ated for PKD1NT! vs. PKD1" for both endpoints (Supplemental Table 1, A and B). In a multivariate model
adjusting for all of the above factors with genotype, baseline eGFR and sex significantly associated with
the incidence of ESKD (Table 3, top). The discriminatory ability of this model was strong, with a C-index
of 0.824 (Supplemental Table 1A). For incidence of eGFR < 50%/ESKD in a multivariate model, sex,
baseline eGFR, and BMI were all significantly associated, along with genotype (Table 3, top), and overall
had a moderate discriminatory ability: C-index of 0.732 (Supplemental Table 1B).

When accessing baseline MIC, adjusting both individually and combined for sex, baseline eGFR,
and BMI, results retained statistical significance for both the ESKD and eGFR < 50%/ESKD endpoints
for all MIC groups, compared with MIC-1E (Supplemental Table 2, A and B). In a multivariate model
adjusting for all of the above factors, incidence of ESKD was associated with all MIC levels, with baseline
eGFR also significant (Table 3, middle), with strong discriminatory ability (C-index = 0.830; Supplemen-
tal Table 2A). Results were similar using the eGFR < 50%/ESKD endpoint, with an overall C-index of
0.753 (Supplemental Table 2B and Table 3).
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Figure 2. Unadjusted Kaplan-Meier renal survival analysis. (A and B) Unadjusted Kaplan-Meier renal survival analysis from birth (data shown from
15y) analyzing genotype (A) and Mayo Imaging Class (MIC; B), with P values shown. The median age at ESKD is: 55.3y, 60.8y, 66.2y, and 74.4y for
PKD1", PKDIN™, PKD1N™2, and PKD2, respectively (A) (n = 1079, P < 0.0001); and 45.1y, 55.6y, 62.8y and 71.2y for MIC-1E to -1B, respectively, with less
than 20% of MIC-1A patients experiencing ESKD (B) (n = 646, P < 0.0001). (C-F) Similar Kaplan-Meier renal survival analysis from birth analyzes the
4 MICs: MIC-1E (C), -1D (D), 1-C (E), and -1B (F), separated by the 4 genotypic groups. The median age at ESKD for the MIC-1E genotypic groups: PKDTT,
PKD1N™, and PKD1V" is 44.3y, 45.1y, and 54.5y, respectively, with less than 50% of PKD2 experiencing ESKD (C, n = 80; P = 0.04); for the MIC-1D genotypic
groups, 53.7y, 53.9y, 74.9y, and 63.1y for PKD1", PKD1"™, PKD1""?, and PKD2, respectively (D, n = 140, P < 0.0001); MIC-1C genotypic groups, 61.9y, 61.8y,
69.4y, and 76.6y for PKD1", PKDIN™, PKD1V™, and PKD2, respectively (E, n = 198, P < 0.02); and MIC-1B genotypic groups, 70.3y, 66.0y, and 73.9y for PKDT',
PKD1N™, and PKD2, respectively, with less than 50% of PKD1"™ experiencing ESKD (F, n = 156, P < 0.02). Since very few MIC-1A patients reached ESKD (B),
we did not plot this class divided by genotypic group.
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Figure 3. Unadjusted Kaplan-Meier analysis from baseline of functional and structural kidney disease endpoints. (A-F) Unadjusted Kaplan-Meier renal
survival analysis (A and B), eGFR < 50%/ESKD (C and D), or 50% increase in htTKV (E and F) from baseline analyzing genotype (A, C, and E) and MIC (B,

D, and F), with P values shown. Median years to ESKD from baseline are: 11.0y, 12.5y, and 17.5y for PKD1", PKD1"™, and PKD1"™?, respectively, with less than
50% of PKD2 patients reaching ESKD throughout follow-up (A, n = 796, P < 0.001) and 8.1y, 11.4y, and 16.4y for MIC-1E, -1D, and -1C, respectively, with less
than 50% of -1B and -1A patients reaching ESKD throughout follow-up (B, n = 577, P < 0.001). Median years to a eGFR < 50%/ESKD from baseline are: 7.3y,
8.5y, 12.5y, and 15.6y for PKD1", PKD1"™, PKD1"™?, and PKD2, respectively (C, n = 796, P < 0.001) and 4.9y, 8.1y, 10.7y, and 17.3y for MIC-1E, -1D, -1C, and -1B,
respectively, with less than 50% of -1A patients reaching the endpoint (D, n = 577, P < 0.001). Median years to htTKV > 50% from baseline was not signifi-
cantly different between genotypic groups: 11.0y, 9.4y, 12.0y, and 13.3y for PKD1", PKD1N™, PKD1"™, and PKD2, respectively (E, n = 468, P = 0.20). However,
MIC was significant different for the htTKV > 50% endpoint: 7.2y, 9.3y, 11.4y, and 13.1y for MIC-1E, -1D, -1C, and -1B, respectively, with less than 50% of -1A
cases reaching the endpoint (F, n = 468, P < 0.001).
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Both genotype and MIC had good discriminatory power for the 2 functional endpoints, so we per-
formed a multivariate analysis with both of these groups and the other factors (Table 3, bottom). Genotypic
groups PKD1N? and PKD2 compared with PKD17, as well as baseline eGFR, were significant after adjust-
ing for MIC for the ESKD endpoint, with a C-index = 0.845, better than models with genotype or MIC
alone (Supplemental Table 1A, Supplemental Table 2A). A likelihood ratio test (LRT) between the models
including MIC and other baseline variables with and without genotype stratification yielded a highly signif-
icant P < 0.001, indicating that inclusion of genotype resulted in improved model fit. Similar results were
found for the eGFR < 50%/ESKD endpoint, but with baseline BMI now also marginally a significant risk
factor (C-index = 0.765; Supplemental Table 1B and Supplemental Table 2B).

Comparison of time to 50% increase in ht TKV from baseline for the genotypic and imaging groups. Average (SD)
follow-up time to 50% increase in htTKV (htTKV > 50%) was 11.9y (0.34; Figure 1). The risk of htTKV
> 50% was positively associated with greater severity of the MIC groups (P < 0.001) but was not found to
significantly differ between genotypes (P = 0.20) (Figure 3, E and F).

Univariate and multivariate analysis of factors associated with time to a 50% increase in ht TKV. In univariate analy-
sis, the factors sex and baseline MIC were found to be associated with the incidence of htTKV > 50% through-
out follow-up, with the HRs and 95% CI shown in Table 4. For example, MIC-1A patients were 6.5X less likely
to see this htTKV increase than MIC-1E patients. In pairwise and multivariate analysis with genotype, only
sex was significant (Tables 5, top; Supplemental Table 1C). When adjusting both individually and combined
for baseline eGFR and BMI, as well as for sex, results retained statistical significance for all MIC groups, com-
pared with MIC-1E (Supplemental Table 2C). In a multivariate model adjusting for all of the above factors,
incidence of htTKV > 50% was significantly associated with all MIC levels, as well as sex, but with relatively
poor discriminatory ability (C-index 0.632), which only slightly increased by adding genotype (C-index 0.636;
Tables 5, middle and bottom; Supplemental Table 2C).

Trajectory analysis of eGFR and htTKV. Trajectories of eGFR and htTKV over time were plotted for the
Analysis Cohort with the population divided by the genotypic and imaging classifications. Results were
then compared with a second, PKD1 and PKD2 population, derived from the CRISP and HALT PKD
studies, the Validation Cohort. Similar to the Analysis Cohort, atypical genetic and imaging cases, plus
Mayo patients in the Analysis Cohort, were excluded from the Validation Cohort (Figure 1). Comparison
of the characteristics of the Analysis and Validation cohorts are shown in Supplemental Table 3. Differenc-
es between the 2 cohorts are considered in detail in the Discussion, but similar to the Analysis Cohort, the
Validation Cohort is a reasonably representative ADPKD population.

Genotypic influences on the change in eGFR over time. Since the patient trajectories stratified by genotype
from the Analysis Cohort plotted in Figure 4A depict a slightly curvilinear decline in eGFR over time, the
association between genotype and eGFR across age was modeled using a mixed effect model with both
linear and quadratic terms for age, as well as interaction terms between age and genotype group; model
coefficients are reported in Supplemental Table 4A. Fitted average eGFR trajectories for each genotypic
group from the polynomial model are plotted for the Analysis Cohort (Figure 4A) and compared with the
Validation Cohort (Figure 4B); Figure 4E shows the average trajectories. Predicted eGFR values and slopes
by genotypic group for the ages 25y, 35y, 45y, and 55y are presented in Table 6, top. Our data show that
PKD1" and PKDINT! patients have relatively linear decreases in eGFR over time starting from a young
age, whereas PKD 1?2 and PKD2 patients are initially quite stable, but with a more rapid decline at later
ages. The model performance was assessed by mean paired differences between the predicted and observed
eGFR by genotypic group across the various ages for the Analysis and Validation cohorts (Supplemental
Table 5, A and B). Most paired differences were within 20 mL/min/1.73 m?, indicating a relatively good
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Table 2. Univariate associations between baseline characteristics and incidence of ESKD, or 50% decline in eGFR or ESKD.

Variable

Genotype
PKD1-T
PKD1-NT1
PKD1-NT2
PKD2

Female (vs. male)
Mayo Imaging Class

1A
1B
1C
1D
1E

eGFRA, 10 mL/min/1.73 m?
BMIA, 5 kg/m?

ESKD eGFR, 50% decline or ESKD
N HR (95% ClI) P HR (95% ClI) P
796 - <0.001 - <0.001
- Ref Ref Ref Ref
- 0.636 (0.461-0.877) 0.006 0.678 (0.518-0.888) 0.005
- 0.362 (0.256-0.512) < 0.001 0.373 (0.279-0.499) < 0.001
- 0.168 (0.107-0.265) < 0.001 0.247 (0.178-0.343) < 0.001
796 0.629 (0.500-0.790) < 0.001 0.717 (0.591-0.870) < 0.001
577 - < 0.001 - < 0.001
- 0.008 (0.002-0.027) < 0.001 0.031(0.015-0.063) < 0.001
- 0.040 (0.023-0.070) <0.001 0.086 (0.056-0.131) <0.001
- 0.113 (0.072-0.178) < 0.001 0.177 (0.123-0.255) <0.001
- 0.293 (0.193-0.445) <0.001 0.412 (0.291-0.583) <0.001
- Ref Ref Ref Ref
796 0.525 (0.495-0.557) < 0.001 0.664 (0.635-0.693) < 0.001
679 1.246 (1.125-1.378) < 0.001 1.206 (1.105-1.315) < 0.001

Alncremental unit associated with the outcome is indicated. Age scale used for all Cox regression models. Significant HR (35% Cl) values are bolded.

insight.jci.org

fit to the polynomial model; however, paired differences were largest at earlier ages, reflecting the greater
variability in baseline eGFR values in the normal range.

MIC influences on the change in eGFR over time. A similar analysis was performed for eGFR decline over time
subdivided by MIC group; model coefficients are reported in Supplemental Table 4B. Fitted average eGFR
trajectories by MIC from the polynomial model are plotted for the Analysis Cohort (Figure 4C) and compared
with the Validation Cohort (Figure 4D); Figure 4F shows the average trajectories. Predicted eGFR values and
slopes by MIC for the ages per decade from 25y—55y are presented in Table 6, bottom. In MIC-1A and -1B
patients, renal function was relatively stable at early ages, followed by a decline starting at ~40y. MIC-1C to
-1E, on the other hand, experienced relatively linear decreases in eGFR until reaching ESKD, with a steeper
slope and earlier ESKD when moving from MIC-1C through to -1E (Figures 4, C, D, and F, and Table 6, bot-
tom). Mean paired differences between the predicted and observed eGFR by MIC across the various ages for
the Analysis and Validation cohorts are shown (Supplemental Table 5, C and D). Again, most paired differenc-
es were within 20 mL/min/1.73m?, indicating that the model fits well. The large paired differences at earlier
ages reflect the increased variability in baseline eGFR values and — at later ages, in the more severe imaging
levels — sparsity of patients with baseline MIC at -1D or -1E that continue to be ESKD-free until age 50.

Genotypic influences on the change in htTKV over time. The association between genotype and htTKV over
time was modeled using a mixed effect model with htTKV transformed on the natural log scale. Both linear
and quadratic terms were included for age, as well as the interaction between age and genotypic group (P <
0.05 for all, using the LRT); the interaction between the quadratic term for age and genotypic group was not
found to be statistically significant (P = 0.28); therefore, it was not retained as a predictor in the final model
(Supplemental Table 6A). Fitted average htTKV trajectories by genotypic group for the polynomial model of
the Analysis Cohort is plotted and compared with the Validation Cohort (Figure 5, A and B), plus the sum-
mary trajectories (Figure 5SE). Predicted htTKV values and annual percentage change by genotypic group per
decade from 25y—55y are presented in Table 7, top. Patients in all genotypic groups tended to exhibit close
to exponential trajectories (linear on the log scale) across time, although the trajectories started to level off at
older ages (except for perhaps PKD1Y?), and PKD1" and PKDIN™! tended to have greater ht TKVs even by
20 years of age (Figure 5E). As expected from the survival analysis predicting time to htTKV > 50% (Figure
3E), rate of percentage increase was not significantly different between groups, although absolute kidney sizes
were much larger at baseline for the more severe groups (Table 7, top). Paired differences between predicted
and observed htTKV in the Analysis and Validation cohorts by genotypic groups across various ages are
presented (Supplemental Table 7, A and B). Larger paired differences occurred at the earliest and latest ages,
which are to be expected due to the large differences of starting htTKV values in patients, as well as the small
sample size of PKD1T patients who are ESKD free and have htTKV measured at later ages.

https://doi.org/10.1172/jci.insight.138724 8


https://doi.org/10.1172/jci.insight.138724
https://insight.jci.org/articles/view/138724#sd
https://insight.jci.org/articles/view/138724#sd
https://insight.jci.org/articles/view/138724#sd
https://insight.jci.org/articles/view/138724#sd

CLINICAL MEDICINE

Table 3. Multivariate association between (top) genotype and other variables, (middle) Mayo Imaging Class and other variables, or

(bottom) Genotype, Mayo Imaging Class, and other variables, and the incidence of ESKD, or 50% decline of eGFR or ESKD.

Predictor ESKD eGFR, 50% decline or ESKD
HR (95% CI) P HR (95% CI) P
Genotype < 0.001 - < 0.001
PKD1-T Ref - Ref -
PKD1-NT1 0.857(0.608-1.208) - 0.844 (0.636-1.118) -
PKD1-NT2 0.515 (0.345-0.767) - 0.488 (0.355-0.673) -
PKD2 0.267 (0.159-0.449) - 0.360 (0.252-0.514) -
Sex (F vs. M) 0.710 (0.551-0.916) 0.009 0.796 (0.645-0.982) 0.034
Baseline eGFR*, 10 mL/min/1.73 m? 0.554 (0.517-0.593) < 0.001 0.718 (0.683-0.754) <0.001
Baseline BMI*, 5 kg/m? 1.072 (0.963-1.193) 0.20 1.103 (1.008-1.207) 0.033
Baseline Mayo Imaging Class (MIC) - <0.001 - <0.001
1A 0.033 (0.009-0.126) - 0.070 (0.032-0.152) -
1B 0.092 (0.046-0.180) - 0.136 (0.084-0.220) -
1C 0.216 (0.127-0.369) - 0.265 (0.177-0.397) -
1D 0.308 (0.189-0.501) = 0.432 (0.297-0.627) =
1E Ref - Ref -
Sex (F vs. M) 1.224 (0.886-1.691) 0.22 1.238 (0.964-1.590) 0.09
Baseline eGFR*, 10 mL/min/1.73 m? 0.620 (0.571-0.675) < 0.001 0.793 (0.745-0.844) <0.001
Baseline BMI*, 5 kg/m? 1.049 (0.912-1.207) 0.50 1.082 (0.969-1.208) 0.16
Baseline MIC and Genotype
Baseline MIC <0.001 <0.0m
1A 0.032 (0.008-0.127) = 0.072 (0.032-0.160) =
1B 0.083 (0.041-0.168) - 0.134 (0.082-0.219) -
1C 0.217 (0.127-0.374) = 0.274 (0.182-0.411) =
1D 0.292 (0.178-0.479) - 0.416 (0.286-0.606) -
1E Ref - Ref -
Genotype - < 0.001 - < 0.001
PKD1-T Ref - Ref -
PKD1-NT1 0.957 (0.653-1.402) - 0.947 (0.696-1.290) -
PKD1-NT2 0.420 (0.252-0.699) - 0.500 (0.340-0.735) -
PKD2 0.273 (0.150-0.497) - 0.381(0.254-0.573) -
Sex (F vs. M) 1127 (0.811-1.566) 0.48 1173 (0.911-1.510) 0.22
Baseline eGFR*, 10 mL/min/1.73 m? 0.644 (0.591-0.701) <0.001 0.823 (0.773-0.877) < 0.001
Baseline BMI*, 5 kg/m? 1.088 (0.947-1.251) 0.23 1.119 (1.004-1.248) 0.042

Alncremental unit associated with the outcome is indicated. Age scale used for all Cox regression models. Significant HR (95% Cl) values are bolded.
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MIC influences on change in ht TKV over time. The association between MIC and htTKV over time was
estimated using a mixed effect model with htTKV transformed on the natural log scale. Both linear and
quadric terms were included for age, as well as the interaction between both age terms and MIC class (P <
0.05 for all, using the LRT; Supplemental Table 6B). Fitted average htTKV trajectories by MIC from the
polynomial model to the Analysis Cohort was plotted and compared with the Validation Cohort (Figure
5, C and D) with summary trajectories shown in Figure 5F. Predicted htTKV values and slopes by MIC
from 25y—55y are presented in Table 7, bottom. Our model predicts that patients in all PKD classes tended
to exhibit exponential trajectories, with only MIC-1A apparently accelerating over time. A clear difference
between the classes was the very large htTKV even at 20y for MIC-1E, which was progressively smaller
through the groups to MIC-1A (Figure 5, C and F). Analysis of the predicted slopes showed a much
greater rate of increase in the severe groups at the early time points, but it showed that the MIC-1B to -1E
groups have much more similar growth rates by 45y. Paired differences between predicted and observed
htTKYV by MIC across various ages for the Analysis and Validation cohorts are presented in Supplemental
Table 7, C and D, and are similar in pattern to the genotypic analysis.
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Table 4. Univariate association between characteristics and incidence of 50% increase in htTKV.

Variable

50% increase in htTKV

HR (95% CI) P
Genotype 468 - 0.40
PKD1-T = Ref Ref
PKD1-NT1 - 0.981(0.636-1.512) 0.93
PKD1-NT2 - 0.852 (0.541-1.340) 049
PKD2 - 0.668 (0.414-1.077) 0.10
Female (vs. male) 468 0.508 (0.372-0.695) < 0.001
Mayo Imaging Class 468 - <0.001
1A - 0.153 (0.066-0.355) < 0.001
1B - 0.316 (0.183-0.547) <0.001
1C - 0.387 (0.232-0.647) <0.001
1D - 0.542 (0.319-0.919) 0.023
1E - Ref Ref
Baseline eGFR*, 10 mL/min/1.73m? 458 0.989 (0.912-1.072) 0.79
Baseline BMI*, 5 kg/m? 431 1.081(0.945-1.235) 0.26

Alncremental unit associated with the outcome is indicated. Age scale used for all Cox regression models. Significant HR (35% Cl) values are bolded.

Discussion

We believe that our study provides the most detailed analysis thus far of the progression of kidney disease
in ADPKD. Although there have been many studies of the renal phenotype in ADPKD (9, 16-18, 20,
21, 26, 30-32), several aspects of this study make it particularly informative: (a) large populations of only
mutation defined PKD1 and PKD2 patients are included, excluding ADPKD-like patients with mutations
to other genes, genetically unresolved cases, and individuals with unusual alleles, in the Analysis and Val-
idation cohorts (10-12, 33); (b) both time to event and trajectory analysis are performed; (c) genetic anal-
ysis, considering allelic and genic factors (3 PKD1 groups, plus PKD?2), and imaging analysis employing
the widely used htTKV/age determined MICs as predictors in the same populations to measure disease
outcomes and trajectories (9, 21); and (d) the trajectory data are confirmed in a second, large, well-charac-
terized Validation Cohort. Overall, the data show the value of both genetic and imaging data to identify
rapidly progressive patients suitable for treatment and clinical trials, and they provide reference data to
track the trajectories and outcomes of these patient groups (15, 34).

The median age of renal survival in our population is 61.7y, a number similar to older data showing
~50% of typical ADPKD patients experiencing ESKD by ~60y (31, 35). This similarity reflects that PKD1
and PKD?2 patients represent the vast majority of ADPKD in renal clinic populations. Our analysis con-
firms that sex has a strong effect on renal survival, with females faring better by a median of 5.7y (17, 31).
Sex is also a major factor driving the rate of htTKV growth, with risk of htTKV > 50% in males almost
2-fold that in females (Table 4), and it is still significant in the multivariate analysis (Table 5) (13). This indi-
cates that sex is an important factor to consider when recruiting for and analyzing clinical trial data. BMI
predicted time to ESKD, and in the multivariate analysis, the probability of reaching the eGFR < 50%/
ESKD was ~1.1x greater for each 5 kg increase in BMI (Table 3). A recent study indicated that (kidney and
liver weight removed) BMI was associated with the rate of htTKV increase in the HALT PKD study (29),
but BMI was not significant for our 50% > htTKV endpoint (Table 4).

Dividing PKDI1"T and PKDI1NT patients, and subdividing PKD1NT patients on the predicted pen-
etrance of the mutation, showed a difference in terms of age at onset of ESKD, and time to ESKD,
or eGFR < 50%/ESKD from baseline, similar to previously noted differences in eGFR/age for these
allelic groups (9). But in the multivariate analysis (Table 3), PKD1N'! cases did not progress differently
than PKD1T for the functional endpoints, consistent with truncating and strongly predicted nontrun-
cating mutation behaving similarly for eGFR/age (9). Even greater differentiation was seen by divid-
ing the population by MICs for all of the functional endpoints, emphasizing their value for identify-
ing rapidly progressive patients. Despite the overlap between renal disease severity groups determined
by genotype or MIC, the additional differentiating power of the MIC indicates that it is capturing
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Figure 4. Trajectory analysis of eGFR decline for the genotypic and imaging groups. (A-D) Trajectory plots of eGFR for the 4 genotypic groups in the
Analysis (A) and the Validation (B) cohorts and the 5 MICs in the Analysis (C) and Validation (D) cohorts. Fitted average eGFR trajectories from the
polynomial model determined from the Analysis Cohort are plotted for each genotypic (A) and imaging (C) group, with the same trajectory plotted on
the corresponding data from the Validation Cohort (B and D). (E and F) The summary of these plots for the genotypic (E) and MIC (F) groups are also
shown. The slope at the average age for each genotypic group is: -2.62, -3.19, -2.34, and -1.55 mL/min/1.73m?/y for PKD1", PKD1"™, PKD1"™, and PKD2,
respectively (E), and for the MICs: -3.27, -3.34, -2.60, -1.73, -1.33 mL/min/1.73m?/y for MIC-1E, -1D, -1C, -1B, and -1A, respectively (F). However, because
of the curvilinear trajectories for many groups, the rate of decline varies over time (Table 6).

variability over and above that of the influence of the germline mutation alone. For instance, the MIC-1E
group experiences ESKD a median of ~10 years earlier than PKD1T patients. These additional factors
presumably involve genetic modifiers beyond the disease allele (including variants on the normal allele
of the disease gene), variants to other genes, and environmental exposures and lifestyle factors (33, 36).
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Table 5. Multivariate association between (top) genotype and other variables, (middle) Mayo Imaging
Class and other variables, or (bottom) genotype, Mayo Imaging Class, and other variables, and incidence

of 50% increase in htTKV.

Predictor 50% increase in htTKV
HR (95% CI) P
Genotype - 014
PKD1-T Ref -
PKD1-NT1 0.988 (0.632-1.544) -
PKD1-NT2 0.743 (0.464-1188) -
PKD2 0.575 (0.348-0.948) -
Sex (F vs. M) 0.500 (0.358-0.700) <0.001
Baseline eGFR*, 10 mL/min/1.73 m? 1.028 (0.944-1.120) 0.52
Baseline BMI*, 5 kg/m? 1.038 (0.891-1.209) 0.63
Baseline Mayo Imaging Class = < 0.001
1A 0.163 (0.066-0.400) -
1B 0.329 (0.181-0.597) =
1C 0.376 (0.218-0.648) -
1D 0.510 (0.295-0.881) =
1E Ref -
Sex (F vs. M) 0.604 (0.429-0.850) 0.004
Baseline eGFR*, 10 mL/min/1.73 m? 1.068 (0.979-1.164) 014
Baseline BMI*, 5 kg/m? 0.995 (0.854-1.159) 0.95
Baseline MIC and Genotype
Baseline MIC < 0.001
1A 0.166 (0.067-0.413) =
1B 0.344 (0.187-0.633) -
1C 0.377 (0.217-0.654) -
1D 0.488 (0.281-0.847) -
1E Ref -
Genotype 0.26
PKD1-T Ref -
PKD1-NT1 1.048 (0.667-1.648) -
PKD1-NT2 0.863 (0.535-1.391) -
PKD2 0.615 (0.368-1.029) -
Sex (F vs. M) 0.567 (0.400-0.805) 0.002
Baseline eGFR*, 10 mL/min/1.73 m? 1.088 (0.995-1.191) 0.065
Baseline BMI*, 5 kg/m? 1.002 (0.860-1.168) 0.98

Alncremental unit associated with the outcome is indicated. Age scale used for all Cox regression models.
Significant HR (95% Cl) values are bolded.

However, we found that genotype (with sex and baseline eGFR and BMI) had good predictive value,
especially for time to ESRD (C-index = 0.824), similar to MIC with these other factors (C-index =
0.830). Furthermore, genotype demonstrably adds to the discriminatory power of the MIC contain-
ing model predicting time to ESKD (or eGFR < 50%/ESKD) in the multivariate analysis (C-index
increased to 0.845) and Kaplan-Meier analyses (Figure 2 and Table 3), indicating the combined value
of imaging and mutation screening to identify rapidly progressive patients. These results are different
than previously observed (20, 26), and this may be because of the larger populations and more precise
division of the type of PKDI mutation in this study.

In terms of the structural endpoint of htTKV > 50% during follow-up, MIC and related baseline
htTKV were significant, but not genotype or baseline eGFR. Previous studies that also did not find a TKV
growth rate difference between genotypic groups (PKD1 and PKD2) concluded that the number of cysts in
early disease rather than the rate of kidney growth was influenced by genotype (27); a similar explanation
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Figure 5. Trajectory analysis of htTKV increase for the genotypic and imaging groups. (A-D) Trajectory plots of htTKV for the 4 genotypic groups in the Analysis
(A) and the Validation (B) cohorts and for the 5 MICs in the Analysis (C) and Validation (D) cohorts. Fitted average htTKV trajectories from the polynomial model
determined from the Analysis Cohort are plotted for each genotypic (A) and imaging group (C), with the same trajectory plotted on the corresponding data from
the Validation Cohort (B and D). (E and F) The summary of these plots for the genotypic (E) and MIC (F) groups are also shown. The slope at the average age for
each genotypic group is: 5.82, 5.08, 7.25, and 5.47 %/y for PKD1", PKD1N™, PKD1™, and PKD2, respectively (E), and for the MICs: 8.33, 6.96, 5.54, 4.46, 2.10 %/y for
MIC-1E, -1D, -1C, -1B and -1A, respectively (F). However, because of the curvilinear trajectories for many groups, the rate of decline varies over time (Table 7).

is likely for our genotypic groups, but total kidney cyst number data are not available in our cohorts. It is
not surprising that MIC is significantly associated with time to htTKV > 50%, as these groups are classified
based on a theoretical difference in the rate that kidneys increase in size (21). The finding that baseline
eGFR does not significantly influence this endpoint reflects that the rate of increase in htTKV does not
greatly change as kidney function declines (18).
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Table 6. Predicted eGFR values and slopes, by (top) genotype and (bottom) Mayo Imaging Class at different ages using a

polynomial model

Predicted parameter
Genotype
PKD1-T, eGFR
Slope
PKD1-NT1, eGFR
Slope
PKD1-NT2, eGFR
Slope

PKD 2, eGFR
Slope

Mayo Imaging Class
MIC-1E, eGFR
Slope

MIC-1D, eGFR
Slope

MIC-1C, eGFR
Slope

MIC-1B, eGFR
Slope

MIC-1A, eGFR
Slope

Age
25 85 45 55
98 (94-101) 72 (69-75) 46 (43-49) 20 (17-23)
-2.56 =25 -2.63 -2.66
123 (117-129) 90 (85-94) 58 (53-62) 26 (21-30)
-3.34 -3.27 -3.20 -3.14
108 (101-114) 92 (87-97) 72 (68-77) 48 (44-53)
-1.40 -1.80 -2.20 -2.60
105 (100-111) 92 (87-96) 77 (73-81) 61(57-66)
-1.34 -143 -1.52 -1.61
86 (81-92) 50 (45-55) 19 (<15-24) <15
-3.92 -3.38 -2.84 -2.30
105 (100-110) 77 (74-81) 45 (42-49) <15
-2.73 -3.03 -3.32 -3.62
106 (102-111) 86 (82-89) 62 (59-65) 35(32-38)
-1.90 -2.21 -2.53 -2.84
94 (89-99) 89 (86-93) 78 (75-82) 59 (56-65)
-0.13 -0.81 -148 -2.16
100 (90-108) 98 (92-104) 91(85-95) 77 (72-81)
0.13 -0.47 -1.07 -1.67

eGFR, mL/min/1.73 m? (95% Cl); Slopes, mL/min/1.73 m?/year.

The trajectories of eGFR decline in ADPKD have been much debated, but this study and the recent
one from CRISP have provided clarity (22-24, 26). The validity of our model was confirmed in a second
population, one overlapping with but better genetically defined than the populations used in the Yu study
(26). For the genotypic groups and MICs, the decline is quite close to linear in the severe groups and more
curvilinear (the classical view) in the milder ones. Similar to the renal survival data, the MICs identify
rapidly progressive patients more precisely than genotype, with a considerable spread even in PKD1"T
patients, again emphasizing that factors beyond the germline mutation influence the pattern of renal func-
tional decline in individual patients. For both genotypic groups and MICs, by 25y, the more severe groups
have a declining eGFR (the average 25y MIC-1E patient had chronic kidney disease [CKD], stage 2 and
stage 3a by 35y), but the mildest (MIC-1A and -1B) were not declining until ~40y. However, by 55y, the
mild groups were declining, and for the most severe groups, since the majority of patients had already
experienced ESKD, their rate of decrease appeared to be slowing. For clinical trials and monitoring treat-
ments, eGFR may be a reasonable endpoint measure for even young patients in the severe groups (with
rapidly progressive disease), a fact reflected in the TEMPO trial enriched for such younger patients (13).
The rates of eGFR decline in the placebo group in the Reprise study of —3.61 mL/min/1.73 m?, selected
for patients with declining renal function (14), is equivalent to that found in our most severe groups, and
greater than for PKD17 overall, indicating that rapidly progressive patients were selected.

Some differences in eGFR values were seen at 20y, most notably between PKDIN! and other groups
(Figure 4E), resulting in a predicted more rapid rate of decline in PKD 1N than PKDI1T patients. It is not clear
if this reflects hyperfiltration in this group at this age, whereas hyperfiltration in the PKD1" group may have
been at an even earlier time (37, 38), or because of the relatively few data points for the PKDINT! Analysis
Cohort at young ages. Some differences in fit of the trajectory plots to the Analysis and Validation cohorts were
seen (Figure 4, Figure 5, Supplemental Table 5, and Supplemental Table 7). At least partly, these may reflect
the selective nature of the HALT PKD population, which lacks older patients with conserved renal function,
younger patients with reduced eGFR, and htTKV data in older patients (Supplemental Table 3) (39, 40).

The rate of growth of htTKV did not differ between genotypic groups, but it did appear to slow as
patients aged; the rate at 55y is only ~60% of that at 25y. However, since PKDI1" kidneys were more
than twice the size of PKD2 or PKD1N? at 25y, with exponential growth (or close to it), PKD1T kidneys
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Table 7. Predicted htTKV values and percent change, by (top) genotype and (bottom) Mayo Imaging Class at different ages using a

polynomial model

Predicted parameter
Genotype
PKD1-T, htTKV

% change
PKD1-NT1, htTKV
% change
PKD1-NT2, htTKV
% change

PKD 2, htTKV

% change

Mayo Imaging Class
MIC-1E, htTKV

% change
MIC-1D, htTKV

% change
MIC-1C, htTKV

% change
MIC-1B, htTKV

% change
MIC-1A, htTKV

% change

Age
25 35 45 55
409 (372-443) 696 (639-752) 1108 (1012-1194) 1650 (1510-1799)
7.60 6.46 5.40 4.40
305 (249-355) 509 (428-582) 795 (680-893) 1161(985-1317)
7.26 6.15 5.10 412
170 (135-204) 325 (268-378) 581(488-680) 971(816-1133)
9.76 8.49 7.28 6.17
180 (150-211) 312 (268-362) 508 (439-582) 774 (659-887)
8.00 6.83 5.74 4.72
25 35 45 55
946 (880-1014) 1822 (1707-1956) 3210 (2982-3424) 5171 (4439-5890)
1014 8.42 6.85 5.41
495 (458-535) 867 (827-910) 1477 (1412-1546) 2445 (2304-2628)
778 7.28 6.79 6.32
316 (298-337) 522 (494-541) 824 (785-857) 1249 (1198-1299)
6.83 6.14 5.48 4.84
213 (197-232) 301 (287-315) 432 (411-454) 629 (600-662)
4.01 4.23 4.45 4.67
177 (154-201) 196 (181-212) 228 (212-243) 278 (259-298)
0.83 1.36 1.92 2.51

htTKV, mL/m (35% Cl); percent change/year.

were more than twice the size of PKD2 at 55y (27). The observed average rate of htTKV growth for each
MIC (Figure 5) was greater than predicted (<1.5 to >6%; MIC-1A to -1E) if starting from a common size
at birth (21), and it also differed over time. While the growth rates of the milder groups increased over
time, the rates decreased for the more severe groups (the most severe cases may have reached ESKD),
so that the difference in growth rate between the most severe and mildest was only 2-fold at 55y. This is
reflected in 138 patients changing from the baseline MIC during the course of the study, 86 moving to a
higher group and 53 to a lower group. Although the growth rates differed between MICs, a major reason
why MIC-1E kidneys are much larger than -1A (~14x at 45y) is that, even at 20y, MIC-1E kidneys are
~4x the size of -1A. If the MIC-1E and -1A trajectories are projected back into childhood, the size of
the kidneys are similar around 5 years of age, when the MIC-1A growth rate becomes flat while -1E is at
~15% year. Therefore, it is likely that an early burst of childhood/in-utero growth is a major factor why
rapidly progressive cases have large htTKVs (41, 42), reflecting rapid early cyst initiation and resulting in
increased cystic burden in severe kidneys in adulthood (27). Therefore, the value of the htTKV/age-de-
termined MICs for detecting patients with more severe disease is enhanced by capturing both the early
burst of growth and higher growth rates as adults.

Methods

Patient data

Clinical and demographic information was abstracted on each patient, and included the following: date of
birth, sex, race, dates, and values of all available serum creatinine and TKV measurements after 15 years
of age and before ESKD, ESKD date, height, and weight. Baseline data were defined as the first available
eGFR and htTKYV data after 15y and before the onset of ESKD. BMI was calculated without removing
kidney and liver weight (TKV and liver volumes were not available for all patients).

Genetic characterization
Mutation screening was performed by Sanger sequencing or employing a next-generation sequencing panel
(11, 43, 44). Patients with PKDI mutations were categorized into truncating (PKD17; inactivating; previously
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termed MSG1) or nontruncating changes predicted to be fully penetrant (PKD1N; MSG2) or hypomorphic
(PKD1NT?, MSG3). This characterization was based on information about the chemical strength of the sub-
stitution, the conservation of the residue in orthologs and domains, and other structural considerations, as
previously described (MSG1, -2, and -3) (9).

Renal outcomes

eGFR was calculated using the CKD Epidemiology Collaboration (CKD-EPI) formula (45). TKV was
measured using planimetry or stereology techniques on coronal and axial abdominal scans, including using
automated methods (46, 47), and was adjusted for height (htTKV) for the analysis (19). ESKD was defined
as the date of initiation of chronic dialysis or renal transplant, or eGFR persistently below 15 mL/min per
1.73 m?, if renal replacement therapy data were unavailable. Patients with at least 1 htTKV were assigned
a MIC at baseline (21).

Study Populations

Analysis Cohort. Patients with a clinical ADPKD phenotype seen at Mayo Clinic, genetically defined as
PKD1 or PKD2 and with a typical MIC, were considered for the Analysis Cohort (V= 1328; Figure 1).
Subjects with complex genotypes or missing clinical data within the timescale of the study were excluded,
leaving 1079 for the renal survival analysis (Figure 1) (33, 44). Other exclusions were implemented depend-
ing on the measured outcome (Figure 1).

Validation Cohort. Non—Mayo Clinic patients from the CRISP and HALT PKD studies were similar-
ly selected for PKD1 and PKD?2 cases, without genetic complexity and atypical MIC, for the Validation
Cohort (Figure 1) (18, 39, 40). Data covering the 5-7 years of HALT PKD and up to 15 years of follow-up
in CRISP were employed. The Validation Cohort was employed for the trajectory analysis.

Statistics

Endpoints studied were time to onset of ESKD from birth and time from baseline to ESKD (censored by
death from nonrenal causes or loss to follow-up), to the composite events of ESKD or 50% reduction in
eGFR, or time to 50% increase in htTKV. In addition, the trajectory of eGFR decline or htTKV increase
were measured. Variables of interest were: genotypic group, sex, and baseline-typical MIC, BMI, and
eGFR. Results for continuous variables were expressed in terms of mean (+ SD) for normal distributions
and median (IQR) for skewed distributions; results for categorical variables were expressed as percentages.
When comparing baseline characteristics of study participants by genotype, P values were derived from the
Kruskal Wallis test for continuous variables and y tests for categorical variables.

Both the percentage of patients who were free of ESKD overtime from birth and from baseline were
estimated using the Kaplan-Meier method. Differences in the risk of ESKD from baseline, by genotype
and MIC, were evaluated using the log-rank test. Factors associated with renal survival from baseline were
estimated using univariate and multivariate Cox proportional hazards models, with age as the timescale,
and reported as HR with 95% CI. Discriminatory ability was quantified using the C-index (area under the
receiver operator characteristic curve).

To evaluate the associations between eGFR and htTKV over time by genotypic group, models were
developed by fitting eGFR and natural log (In) htTKV (In[htTKV]) trajectories using a mixed mod-
els framework with random effects for subject and fixed effects for all other covariates to the Analysis
Cohort. The goodness of fit between nested models were compared using the LRT. Predicted values and
associated 95% CI, as well as slopes derived from the eGFR model and percentage change derived from
the htTKV model, were reported across age groups by genotype and MIC.

For the validation analysis, baseline characteristics from patients in the Analysis and Validation cohorts
were compared using the 2-sample equal variance 2-tailed ¢ test for continuous variables and the ¥ test for
categorical variables. For goodness-of-fit assessment, the models were used to predict eGFR and htTKV
values across different age groups in both the Analysis and Validation cohorts, by genotype and MIC. Pre-
diction groups were stratified according to age categories: 15-29, 30-39, 40-49, and 50-65 and separately
for genotype and MIC groups. Within each group, the estimated mean (+ SEM) paired difference between
the predicted and observed value for each subject was calculated using bootstrap analysis with 1000 rep-
etitions. P < 0.05 was considered to indicate statistically significant differences. All calculations were per-
formed using SAS software, version 9.4, or R version 3.4.2.
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