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Abstract

Design of Phase III trials in diabetic nephropathy currently requires patients at high risk of 

progression defined as within three years of a hard end-point (end stage renal disease, 40% loss of 

estimated glomerular filtration rate, or death). To improve design of these trials, we used natural 

history data from the Joslin Kidney Studies of chronic kidney disease in patients with diabetes to 

develop an improved criterion to identify such patients. This included a training cohort of 279 

patients with type 1 diabetes and 134 end-points within three years, and a validation cohort of 221 

patients with type 2 diabetes and 88 end-points. Previous trials selected patients using clinical 

criteria for baseline urinary albumin to creatinine ratio and estimated glomerular filtration rate. 

Application of these criteria to our cohort data yielded sensitivities (detection of patients at risk) of 

Corresponding authors: Jan Skupien MD, PhD, Jagiellonian University Medical College, Department of Metabolic Diseases, 15 
Kopernika Street, 31-501 Krakow, Poland, Jan.Skupien@uj.edu.pl; Andrzej S. Krolewski MD, PhD, Section on Genetics & 
Epidemiology, Joslin Diabetes Center, One Joslin Place, Boston MA 02215, Andrzej.krolewski@joslin.harvard.edu.
*Both authors contributed equally.

Disclosures: ASK and MAN are co-inventors of the TNFR1 and TNFR2 patent for predicting risk of ESRD. This patent was licensed 
by the Joslin Diabetes Center to EKF Diagnostics.

Author Contributions: MY contributed to the study design, performed data analysis and wrote manuscript; JS contributed to the 
study design, performed data analysis and wrote manuscript; MAN contributed to research data collection, reviewed/edited 
manuscript; AS was responsible contributed to data collection and was responsible for data management and contributed to data 
analysis; AD, RSC, AG, KLD, NP, MDB, and JVB all contributed intellectually to the final plans of data analysis, final interpretation 
of the results and writing/editing the manuscript; JHW contributed to the study design, contributed to data analysis, to writing and 
editing of manuscript; ASK was responsible for design the study, supervised data collection and data analysis, contributed to writing 
and editing of manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Kidney Int. Author manuscript; available in PMC 2018 July 01.

Published in final edited form as:
Kidney Int. 2017 July ; 92(1): 258–266. doi:10.1016/j.kint.2017.02.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



70-80% and prognostic values of only 52-63%. We applied Classification and Regression Trees 

analysis to select from among all clinical characteristics and markers the optimal prognostic 

criterion that divided patients with type 1 diabetes according to risk. The optimal criterion was a 

serum Tumor Necrosis Factor Receptor 1 level over 4.3 ng/ml alone or 2.9-4.3 ng/ml with an 

albumin to creatinine ratio over 1.9 g/g. Remarkably, this criterion produced similar results in both 

type 1 and type 2 diabetic patients. Overall, sensitivity and prognostic value were high (72% and 

81%, respectively). Thus, application of this criterion to enrollment in future clinical trials could 

reduce sample size required to achieve adequate statistical power for detection of treatment 

benefits.
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Introduction

Although progress has been made over the last 20 years in prevention as well as treatment of 

diabetic kidney disease, the risk of ESRD remains high 1,2. To mitigate this risk, new 

interventions must be developed and tested in clinical trials. The enormous expense of such 

trials effectively limits trial duration to three years, and this time constraint is challenging for 

diabetic nephropathy, which evolves over many years. To be successful, the trial must 

accumulate enough endpoints in the placebo group to give adequate power for detecting a 

meaningful risk-reduction in the treated group. Thus, trial size (and cost) is inversely related 

to how effectively the enrollment criteria enrich the study group with patients who develop 

ESRD within the timeframe of the trial – typically 3 years. This characteristic is the 

prognostic value of the enrollment criterion.

A review of clinical trials in advanced diabetic nephropathy conducted over the last 20 years 

illustrates the challenge 3-13. Altogether, only 941 (11%) out of 8,528 patients enrolled in the 

placebo groups in all the trials 3-13 reached a primary endpoint (Table 1 in supplemental 

material part A), so the prognostic value of the enrollment criteria was only 11%. The 

remaining 89% of enrolled patients were incapable of showing any benefit regardless of the 

intervention's effectiveness because their outcome (ESRD) was outside the timeframe of the 

study and were therefore uninformative. Surprisingly, no effort to develop optimal 

enrollment criteria for Phase III trials in diabetic nephropathy has been published.

We report here our attempt to address this lack with a comprehensive effort to develop an 

enrollment criterion with high prognostic value and sensitivity to support successful Phase 

III trials with a 3-year time constraint. Moreover, we sought to keep the criterion simple by 

requiring: the fewest markers, minimum effort to measure and greatest reproducibility over 

time so registries of patient eligible for clinical trials can be maintained easily. Toward this 

end, we examined baseline and follow-up data from diabetic patients with chronic kidney 

disease (CKD) when enrolled in the Joslin Kidney Studies. Consideration was restricted to 

CKD stages 3 and 4 because patients in CKD stage 1 or 2 rarely progress to ESRD within 
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the 3-year constraint 1, 14, 15. Follow-up data for these patients included occurrences of 

ESRD, 40% loss of baseline eGFR or death unrelated to ESRD within three years.

In the search for an optimal enrollment criterion we evaluated the usual clinical 

characteristic plus the two legacy markers for nephropathy, ACR and eGFR, and two novel 

ones, elevated serum TNFR1 and TNFR2. Strong association of TNFRs with the risk of 

ESRD in Type 216 and Type 1 diabetes17, and rate of early renal decline18,19 was shown by 

us and confirmed in cohort studies elsewhere20-23. We used an example of machine learning 

methods, Classification and Regression Trees (CART)24. CART identifies the smallest set of 

the best performing clinical characteristics/markers and searches for values (cut-points) for 

each that maximizes separation between patients who are or are not at high risk of an 

outcome.

To illustrate, we applied the optimal enrollment criterion to the design of a hypothetical 3-

year clinical trial to show the impact on reducing sample size while increasing statistical 

power. Finally, we used data on patients with chronic kidney disease excluded from 3-year 

trials by this new criterion to determine the magnitude of the ESRD risk problem that cannot 

be studied in clinical trials as currently constrained. They could be a significant source of 

enrollees into clinical trials if change in eGFR slope is accepted as a hard end-point or the 

duration of the clinical trials is extended to 10 years.

Results

Characteristics of the study cohorts

The study group comprised two independent cohorts of Joslin patients with diabetes and 

impaired renal function (CKD Stage 3 or 4) enrolled into follow-up studies conducted 

between1991 to 2009. The majority were enrolled in the 2000s and followed until 

2012-2013. Before enrollment, these patients had been under the care of Joslin Clinic for a 

long time, and their inclusion in the prospective studies was unrelated to their unknown 

future outcomes during the subsequent 4-15 years. Thus, findings of this study reflect the 

unbiased contemporary natural history of the chronic kidney disease and development of 

ESRD in diabetes.

The T1D cohort with proteinuria and its larger number of renal outcomes served as the 

training panel, while the T2D cohort with microalbuminuria or proteinuria served as the 

validation panel. Characteristics of these cohorts are summarized in Table 1. In the T1D 

cohort, mean age at onset was 13 years and all patients were treated with insulin. At 

enrollment, all patients had long-duration diabetes, poor glycemic control, and 85% received 

RAS blockade. Eligibility required that proteinuria was documented by multiple ACR 

measurement during the 2-year interval preceding enrollment; however, the single ACR 

measurement at baseline examination fell in the proteinuric range for 75% rather than 100%. 

Median ACR for the whole group was 827 mg/g. Also by design, renal function was 

impaired (median 40 mL/min). Median serum concentrations of TNFR1 and TNFR2 at 

baseline were almost twice as high as in T1D patients with normoalbuminuria and normal 

renal function19.
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To examine the applicability of the prognostic test developed in T1D cohort to other patients 

with diabetes, we applied them to the Joslin T2D cohort. Diabetes was diagnosed at a much 

older age in this cohort (Table 1) and, at enrollment, duration of diabetes and care at Joslin 

were much shorter and glycemic control was better than for T1D. Systolic and diastolic 

blood pressures were similar to T1D, and 92% received RAS blockade. Microalbuminuria or 

proteinuria was documented during the preceding two years, the single ACR measurement at 

baseline examination identified 66% of patients in the proteinuric range. Median ACR for 

the whole group was 601 mg/g. Median serum concentrations of TNFR1 and TNFR2 at 

baseline were similar as in T1D.

Because ESRD typically develops over an interval longer than the 3-year duration of a Phase 

III trial, the US Food and Drug Administration (FDA) has considered accepting a 40% loss 

of baseline eGFR as a surrogate end-point for ESRD25. In many trials, death regardless of 

cause has also been included as a composite trial end-point. Therefore, we defined the end-

point as onset of ESRD, a ≥40% loss of baseline eGFR, or death occurring within 3-year 

follow-up. In the T1D cohort, 134 patients reached this end-point, giving a 3-year 

cumulative risk of 48% (85 ESRD, 39 eGFR loss ≥40%, and 10 deaths unrelated to ESRD). 

Notably, among the 39 with ≥40% eGFR loss, ESRD developed in all during the subsequent 

4-10 year follow-up. In the T2D cohort, 88 patients reached the end-point, yielding a 3-year 

cumulative risk of 40% (39 ESRD, 32 eGFR loss ≥40%, and 17 deaths due to causes 

unrelated to ESRD). Among the 32 with ≥40% eGFR loss, ESRD developed in all during 

subsequent 4-6 year of follow-up. To simplify the text, we refer to risk of the composite end-

point as “risk of ESRD”.

Prognostic performance of enrollment criteria used in previous studies

Reported trials of measures to prevent ESRD have selected as high risk patients those with 

low eGFR or high ACR, using cut-points adopted from clinical practice, < 45 ml/min for 

eGFR and ≥ 500 mg/g for ACR. We evaluated the performance of these enrollment criteria 

in the follow-up data from both cohort studies (Table 2). Predictive value is the 3-year 

cumulative risk of ESRD in eligible enrollees and sensitivity is the proportion of outcomes 

in the whole cohort captured in the eligible subset. Predictive value for these two markers 

individually was moderate, around 60%, and increased to around 70% when the markers 

were combined. While, sensitivity was high for individual markers, around 80%, it 

decreased to 65% when they were combined. For completeness we also provide negative 

predictive value, i.e. the 3-year cumulative risk of ESRD in patients excluded from a trial 

and specificity, i.e. the proportion of patients without endpoints in trial non-eligible patients.

CART analysis to develop optimal multi-marker criterion to identify patients at high risk of 
ESRD

To determine whether higher prognostic values and sensitivity could be achieved by 

combining the baseline clinical characteristics, legacy markers and TNFR1 and TNFR2 into 

a multi-marker criterion, we included all of them in the CART analysis of the data from the 

T1D cohort. The analysis found only two markers that were needed to develop the optimal 

criterion that identified patients at high risk of ESRD: TNFR1 with a cut-point >4.3 ng/ml 

but if TNFR1 was between 2.4 and 4.3 ng/ml only patients with ACR with cut-point at >3.1 
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g/g were at high risk. This criterion's predictive value was 85% and sensitivity 72%. When 

applied to T2D, the validation set, these values were 71% and 57%, respectively.

The CART approach provided a simple enrollment criterion based on cut-points in just two 

markers and since results in both T1D and T2D cohorts were very similar, we re-fitted the 

diagnostic tree to the combined cohorts (Figure 1) to determine a final clinical trial 

enrollment criterion. Among all baseline clinical characteristics and marker values, the 

highest risk of an endpoint was that for patients with TNFR1 >4.3 ng/ml. This cut-point 

identified 104 cases. A similarly high risk was for patients with TNFR1 between 2.9 and 4.3 

ng/ml and with ACR >1.9 g/g. This identified, however, only 15 cases. These two groups 

were combined as the high risk group with a risk of an endpoint (prognostic value) of 83% 

and 76% in T1D and T2D, respectively, and with sensitivity of 74% and 68%, respectively 

(Table 2).

Patients in the combined T1D and T2D cohorts are represented by symbols in Figure 2 

according to serum TNFR1 and ACR at baseline. The dots are color-coded according to the 

outcome at the three year follow-up. Note the overlap of the distribution of red and blue dots 

representing ESRD and 40% GFR loss. By moving the cut-points for TNFR1 and ACR 

around in Figure 2, an investigator can visualize the trade-off between sensitivity and 

predictive value of alternative choices. For example, the highest density of renal outcomes 

(red and blue dots) lies above serum levels of TNFR1 >4.3 ng/mL (incidence rate 40.5/100 

patient-years). An intermediate density lies between serum TNFR1 concentrations 2.9 -4.3 

ng/mL (incidence rate 13.4/100 patient-years). This subgroup, however, can be divided 

further into those with high risk (incidence rate 35.1/100 patient-years), if ACR was above 

1.9 g/g, and those with low risk (incidence rate 9.5/100 patient-years) below this cut-point. 

Patients with serum TNFR1 ≤ 2.9 ng/mL have very low 3-year risk of ESRD (incidence rate 

5.5/100 patient-years) regardless of baseline levels of ACR. In Figure 2, deaths unrelated to 

ESRD appear to be unrelated to baseline TNFR1 or ACR and, when removed from the 

composite end-point, the enrollment criterion's predictive value is unchanged but it gains 

sensitivity (see Table 2).

Effect of optimal multi-marker enrollment criterion on statistical power of a clinical trial

To illustrate how this new optimal enrollment criterion could influence the design of future 

clinical trials and improve the ability to detect important treatment effects, we imagined a 

study population of patients with diabetes and CKD 3 or 4.

Suppose 1410 patients with diabetes and CKD 3 or 4 were identified in medical records. 

Based on trials using the previous enrollment criteria, 282 (20%) of them are expected to 

reach an end-point and 1128 are not,. In such a trial cohort one would have 50% power to 

detect a 20% reduction of ESRD risk in the treatment arm (randomized 1:1). If the 1410 

were invited for screening by the new enrollment criterion described here, only a subset 

would be selected for enrollment, and yet statistical power would increase. For example, the 

new enrollment criterion with 70% sensitivity and 80% positive prognostic value, would 

select only 246 of the 1410 for enrollment into the trial (123 patients for each arm). In this 

smaller group, 80% are expected to reach an endpoint, so a 20% reduction from 80% to 64% 

(difference of 16%) is more easily detected than the reduction from 20% to 16% (difference 
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of 4%). The power of the trial to detect the 16% difference (between 80% and 64%) would 

be 86%, not 50%, despite the considerably reduced study size. The influence of an 

enrollment criterion's sensitivity and prognostic value on study group size and statistical 

power within this hypothetical trial are summarized in Figure 1 and Table 2 in Supplemental 

Material Part B.

Patients at risk of ESRD not recognized by our multi-marker criterion

Patients who met our multi-marker criterion for high-risk of ESRD within three years 

comprised 43% of the T1D cohort and captured 74% (sensitivity) of those at risk for this 

outcome. Similarly, they comprised 36% of the T2D cohort and included 68% (sensitivity) 

of those at risk for this outcome (Table 2). All of these patients had fast renal decline to 

ESRD26. Moderate decliners are not captured by this criterion although they experienced a 

risk of ESRD around 50% within 10 years (Figure 3A and 3B). Ourstudy had 80 moderate 

decliners in T1D and 71 in T2D. These patients comprised 29% and 32% respectively of 

T1D and T2D cohort and, while they would have been uninformative participants in a 3-year 

trial, their clinical course may be more susceptible to beneficial intervention than the very 

fast and fast decliners eligible for current FDA-approved trials.

Discussion

For patients with diabetes the risk of ESRD remains high, and any new intervention to 

reduce it must be tested by clinical trial. The enrollment criterion revealed by CART analysis 

of four clinical characteristics (sex, age, systolic BP, HbA1c) and four markers (eGFR, ACR, 

TNFR1 and TNFR2) enriches the trial group with patients (fast decliners) having a high risk 

of progression to ESRD. Two markers determine the optimal criterion: serum TNFR1 >4.3 

ng/mL, which identified most cases, and if TNFR1 was between >2.9 and 4.3 ng/mL only 

those with ACR >1.9 g/g were at high risk of the outcome. This composite criterion 

performs similarly well in T1D and T2D patients. Because the performance of serum 

TNFR2 was similar to TNFR1, it is not presented.

We hope that designers of future clinical trials will give more serious consideration to the 

prognostic values of their enrollment criteria than they have in the past. For ESRD trials, an 

adaptation of our optimal criterion will permit smaller and more efficient trials, as elaborated 

on in our results section. Recruitment of patients for diabetic nephropathy trials would be 

facilitated if serum TNFR1 is measured in all patients in CKD stages 3 and 4 for creating 

registries of patients eligible for clinical trials. Those with a concentration >4.3 ng/mL 

would be good candidates. Note that this level of TNFR1, indicates a high risk of ESRD 

even in patients with normoalbuminuria (see Fig. 2). Additional high risk patients could be 

found among those with TNFR1 between >2.9 and < 4.3 ng/mL if ACR is also high.

Our enrollment criterion predicts much higher ESRD risk than recent predictive models of 

kidney failure 27, 28, 29. Those models were based on traditional renal markers, eGFR and 

ACR and several clinical characteristics, such as sex, age, blood pressure, ethnicity, diabetes 

duration or Hba1c. Excellent performance was reported for them with the C-statistic 

reaching 0.9. Unfortunately, the high C-statistics are misleading. Their high values are due 

to the correct classification of low-risk patients, who were overwhelmingly predominant in 
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the cohorts used for derivation and validation. These models do not capture efficiently the 

patients at highest risk. Unlike our criterion, which selects a group in which the 3-year 

ESRD risk may exceed 70-80%, these models (assuming a reasonable range of inclusion 

characteristics) predict a 5-year ESRD risk of 15-30% that reaches 40-50% if patients have 

ACR 2 g/g and eGFR 30 ml/min/1.73m2. Once again utility of an inclusion criterion should 

be judged by its positive predictive value (see also supplemental material part D).

While our enrollment criterion identifies the very fast and fast renal decliners and would 

serve the needs of 3-year trials using the approved composite end-point, it excludes patients 

who are moderate decliners and need 10 years to reach ESRD. These patients comprised 

30% of all patients followed. If efforts were directed toward developing an enrollment 

criterion with a high positive predictive value and sensitivity for the subset of moderate 

decliners, it could be used in a screened population in tandem with enrollment into a 3-year 

trial. Those who did not qualify for a 3-year trial could be evaluated for enrollment in a trial 

designed for moderate decliners26. Before a trial can be mounted for these patients, a novel 

end-point based on changes in eGFR slope must be approved. One example of the use of 

such a design is the ongoing Preventing Early Renal Loss trial (http://www.perl-study.org/) 

testing the effectiveness of allopurinol to reduce renal function decline as determined by 

eGFR slope30. Unfortunately, while a study design based on eGFR slope is acceptable for 

allopurinol (an already approved drug), it is not approved by the FDA for new drugs or 

interventions.

Our study has several strengths that should be emphasized. The cohorts used in the study 

comprised diabetic patients who reached CKD stages 3 and 4 while under long-term care at 

the Joslin Clinic. Reliable measurements of the examined markers were performed at 

enrollment, and the cohorts were treated according to contemporary standards of diabetes 

and CKD care. They were followed for 4-15 years with complete ascertainment of relevant 

end-points. These features of the study allow us to generalize our findings to diabetic 

patients in the general population. The fact that the frequency of patients at high risk of 

ESRD was much lower in past trials (Table 1 in supplemental material part A) than in the 

Joslin cohorts suggests that past recruitment efforts were slanted toward non-progressing 

patients despite their impaired renal function. Application of the enrollment criterion that we 

developed may help to ameliorate this tendency. Finally, application of CART analysis 

seems to be a very robust analytical tool for developing prognostic tests, as illustrated by the 

excellent replication in the T2D validation cohort. Furthermore, the enrollment criterion 

developed with CART is much simpler and performs slightly better than one based on the 

alternative approach, a logistic regression score (see Supplemental Material Part C). 

Advantages of a CART approach over one based on logistic modeling have been reviewed31.

Several important qualifications to the findings of our study need to be recognized. As 

demonstrated in our recent publication32 and review article26, the majority of patients with 

diabetes who developed ESRD have fast renal decline that began when their renal function 

was normal. That decline was linear and such patients needed 3-10 years to progress from 

normal renal function to ESRD. Interventions to prevent or delay ESRD need to be 

implemented early, i.e. when renal function is normal and when sufficient time remains for 

the effect to be realized while patients have significant renal function remaining26. 
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Unfortunately, no such intervention has been developed, and prognostic criteria to identify 

those patients while renal function is normal are non-existent26.

Findings from our study are restricted to diabetic patients with chronic kidney disease and 

impaired renal function. Our prognostic criterion identifies patients with very fast and fast 

renal decline and manifestation of a hard end-point within three years. Our study does not 

shed light on the design of trials for moderate decliners – neither enrollment criteria nor 

endpoints. Therapies whose effects are manifest after a lag interval will never be detected in 

short-term trials. The analytic plan for longer trials must anticipate such an outcome. This is 

more than a hypothetical consideration for we demonstrated in a study of T1D patients with 

proteinuria that a sustained period improved glycemic control (3-5 years) significantly 

reduced the risk of ESRD, but only during the five to ten year follow-up interval33.

Finally, two additional uncertainties of our findings should be considered. First, our criterion 

was developed in Joslin Cohorts that were relatively young, and their risk of death unrelated 

to ESRD was low. Future clinical trials may enroll much older T2D patients for whom this 

mortality is much higher. Application of our criterion for recruitment into such trials will be 

handicapped in its ability to identify such patients. Fortunately, this will result in increased 

sensitivity and prognostic value regarding enrichment of the trial population for patients at 

risk of ESRD (see Table 2). Second, calibration/validation of our prognostic criterion may 

need to be evaluated separately in patients of other ethnic ancestry. For example, in a 

prospective cohort of Pima Indians with a comparable renal phenotype we observed also 

robust contributions of TNFRs with a similar threshold pattern to the progression to the 

ESRD, nevertheless concentrations in that population were twice as high in comparison with 

those in Caucasian Joslin cohorts.23 These differences may be related to the ethnicity itself, 

a higher degree of obesity or due to the other factors that will need to be determined.

Study Groups and Methods

The study group comprised patients with diabetes who were in CKD stages 3 or 4 when 

enrolled in Joslin Kidney Studies. The Joslin T1D cohort with proteinuria was used as the 

exploratory/training panel, and the Joslin T2D cohort was used as the validation panel. Study 

protocols and informed consent procedures for the two studies were approved by the 

Institutional Review Board of Joslin Diabetes Center.

Description of study groups, measurements of clinical characteristics and determination of 

examined markers is described in supplemental material part C34-38.

Ascertainment of onset of ESRD, mortality and time of 40% loss of eGFR

All patients in the Joslin Kidney Studies included in this study were queried against rosters 

of the United States Renal Data System (USRDS) and the National Death Index (NDI) 

covering all events up to the end of 2012. USRDS maintains a roster of U.S. patients 

receiving renal replacement therapy which includes dates of dialysis and transplantation39. 

The NDI is a comprehensive roster of deaths in the U.S., which includes date and cause of 

death40, 41.
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ESRD was defined by a match with the USRDS roster or a listing of renal failure among the 

causes of death on an NDI death certificate. The date given for the onset of ESRD was the 

date of first dialysis or transplantation or the date of death for those captured by death 

certificate. If a date of death was obtained from NDI, and ESRD had not developed, the 

outcome was defined as “Death unrelated to ESRD”.

If ESRD had not developed during the first 3 years of follow-up or death due to causes 

unrelated to ESRD had occurred in that interval, the patient was evaluated for 40% loss of 

eGFR. We used all available eGFR determinations for the patient performed during the first 

5 years of follow-up to estimate eGFR slopes using the GLM procedure. The slopes were 

projected against follow-up time to determine if and when eGFR declined by 40% from the 

baseline eGFR.

Since the study aimed to evaluate risk of ESRD during the first 3 years, all patients who 

developed ESRD or died or lost 40% or more of baseline eGFR after the 3-year anniversary 

were considered alive as of the end of the 3rd year of follow-up.

Statistical Analysis

Characteristics of patients, including concentrations of markers in serum and urine, were 

summarized as medians (25th and 75th percentiles) or as counts and percentages. Medians 

were compared by Wilcoxon tests and proportions by χ2 or Fisher's exact tests. Cumulative 

incidence of ESRD and deaths unrelated to ESRD were calculated under assumption of 

competing risks between these two events using the cumulative incidence competing risks 

(CICR) approach42.

In this search for optimal enrollment criterion for future clinical trials in diabetic 

nephropathy to prevent ESRD, we considered as cases the patients in the study cohorts who, 

within three years, had any of the following: 1) the onset of ESRD, 2) a decrease ≥40% in 

eGFR, or 3) death. Our analytic approach was an implementation of the Classification and 

Regression Trees (CART) method available24 in the ‘rpart’ package for R software. The 

method involved hierarchical partitioning of the study group based on optimal cut-points 

selected from all possible cut-points in the distribution of each marker. The optimal cut-point 

is the one producing the widest separation in the frequency of cases in the two daughter 

groups. Partitioning was optimized first within the total sample and then separately within 

the daughters. The process was repeated until stopping criteria were met.

Each resulting set of cut-points is a candidate for a set of enrollment criteria and was 

evaluated in a manner similar to a diagnostic test. Patients in the high ESRD risk group 

identified by the set of cut-points were the “test positives” and all others the “test negatives”. 

Our focus was primarily on the predictive value of the criteria; i.e. the proportion of test 

positive patients who became cases measured as cumulative incidence of ESRD by the end 

of the 3rd year of follow-up. The secondary consideration was the set's sensitivity; i.e. the 

proportion of cases who were test positive. For planning a clinical trial with a specified 

power, these two characteristics of a set of enrollment criteria (sensitivity and positive 

predictive value) determine how many test positive patients must be identified by screening 

the source population (i.e. patients with proteinuria and in CKD stage 3 or 4).
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For the recursive partitioning, we assumed standard default parameters. The minimum size 

of terminal nodes was set at 5 patients, and a partition was attempted in a node with at least 

20 individuals. For simplicity of the final eligibility rule we additionally limited the tree size 

by removing cut-points where both daughter nodes provided the same binary event 

prediction, i.e. the risk of the outcome was either >50% or <50% in both.

We applied recursive partitioning to the T1D cohort as the training or discovery set and we 

used all four clinical characteristics (sex, age, systolic BP and HbA1c) and four (ACR, 

eGFR, TNFR1 and TNFR2) candidate markers to build a multi-marker tree. To test the 

replicability of the findings, we applied the cut-points identified in the T1D cohort to T2D 

patients and calculated the proportion of cases in the terminal nodes to compare predictions 

in T1D and T2D patients. Finally, based on good replication of our findings we re-estimated 

the multi-marker decision rule in T1D and T2D cohorts pooled together.

As an alternative, we used a logistic regression model to derive a score calculated from 

markers weighted by regression parameters. To compare performance of CART and logistic 

regression we selected a cutoff in the score, which identified as trial-eligible (a high-risk 

group) the same number of T1D patients as CART method (see the results presented in 

supplemental material part C).

Comparisons of our approach with other methods of characterizing prognostic tests43 are 

discussed in Supplemental Material Part D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Prognostic cut-points derived from the multi-marker analysis of the merged T1D and T2D 

cohorts.

Plots of the cumulative risk of a study outcome within 3 years in T1D patients (solid line) 

and T2D patients (interrupted line).

Sex, age systolic BP, HbA1c, eGFR and TNFR2 were included in the CART analysis, but 

none surpassed outcome separation of achieved by TNFR1 and ACR.

Letters (A), (B) and (C) in each plot refer to the corresponding areas in Figure 3.
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Figure 2. Distribution of patient outcomes in the combined study group (T1D and T2D) 
according to baseline values of TNFR1 and ACR
Outcomes during 3-year follow-up color coded according to type: ESRD (red), 40% baseline 

eGFR loss (blue), deaths unrelated to ESRD (black +) or no event (open circle). The cut-

points for TNFR1 (2.9 ng/ml and 4.3 ng/ml) and ACR (1.9 g/g) shown in Figure 2 are 

represented by interrupted horizontal and vertical lines, respectively. The dots within the 

areas labeled (a), (b) and (c) represent the patients in Figure 2 plots with the corresponding 

labels. The gray area indicates high risk, while the white area indicates a low risk of the 

outcome. Note the distributions of blue and red dots overlap closely.
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Figure 3. 
Cumulative incidence of ESRD (interrupted line) and ESRD & deaths (solid line) in patients 

who are not eligible for a clinical trial according to the multi-marker prognostic criterion.

Panel A: T1D Patients (n=160)

Panel B: T2D Patients (n=142).

While the incidences of ESRD and mortality are low within the first three years, it reached 

45% and 63% by the 10th year of follow-up in T1D and T2D, respectively.

Overall, 48 ESRD cases occurred in T1D and 38 in T2D during 10 years of follow-up that 

were not picked up by the multi-marker criterion.
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Table 1
Clinical characteristics of the study groups

Characteristic Joslin T1D Joslin T2D

N=279 N=221

At baseline:

Men 48% 61%

Age at DM onset (y) 13 (8, 20) 44 (38, 50)

Age at Entry (y) 44 (37, 51) 61 (57, 64)

Duration of DM (y) 28 (22, 36) 16 (12, 21)

Duration of care at Joslin (y) 22 (14, 32) 6 (2, 13)

Insulin Rx 100% 78%

HbA1c (%) 8.6 (7.6, 9.5) 7.6 (6.8, 8.8)

Systolic BP (mm Hg) 133 (124, 149) 139 (125, 152)

Diastolic BP (mm Hg) 77 (70, 84) 74 (70, 83)

Reno-protective RX 85% 92%

ACR mg/g 827 (312, 1855) 601 (117, 1734)

Microalbuminuria 25% 34%

eGFRcre ml/min 40 (28, 49) 42 (31, 50)

TNFR1 ng/ml 3.9 (2.8, 5.0) 3.5 (2.5, 4.4)

TNFR2 ng/ml 7.6 (5.7, 9.5) 6.8 (5.0, 8.7)

During the first 3 year Follow-up:

Cumulative risk of:

ESRD only* 32.2% (26.6, 38.0) [85] 18.9% (13.8, 24.5) [39]

eGFR loss >40%* 14.0% (10.2, 18.3) [39] 14.5% (10.2, 19.5) [32]

Deaths unrelated to ESRD* 3.9% (2.0, 6.8) [10] 8.3% (5.0, 12.6) [17]

Composite end-point 48.0% (42.2, 53.9) [134] 39.8% (33.5, 46.4) [88]

Data are percent or median (25th, 75th percentiles); [Number of events]

*
Calculated under assumption of competing risks between ESRD, eGFR loss and deaths unrelated to ESRD
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