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Abstract

Chronic kidney disease (CKD) is a strong risk factor for cardiovascular disease (CVD), but
clinical kidney measures (eGFR and albuminuria) do not fully reflect the multiple aspects of
kidney tubules influencing cardiovascular health. Applied methods are needed to integrate
numerous tubule biomarkers into useful prognostic scores. In SPRINT participants with CKD at
baseline (6GFR¢rg.cys <60mL/min/1.73m?2), we measured eight biomarkers from urine (alpha-1,
beta-2, umod, KIM-1, MCP-1, YKL-40, NGAL, IL-18) and two biomarkers from serum (iPTH,
iFGF-23). We used an unsupervised method, exploratory factor analysis, to create summary scores
of tubule health dimensions. Adjusted Cox models evaluated each tubule score with CVD events,
heart failure (HF), and all-cause mortality. We examined CVD discrimination using Harrell’s C-
statistic. Factor analysis of ten biomarkers from 2376 SPRINT-CKD participants identified four
unique dimensions of tubular health: tubule injury/repair (NGAL, I1L-18, YKL-40), tubule injury/
fibrosis (KIM-1, MCP-1), tubule reabsorption (alpha-1, beta-2), and tubular reserve/mineral
metabolism (umod, iPTH, iIFGF-23). After adjustment for CVD risk factors, eGFR, and ACR, two
of four tubule scores were associated with CVD (HR per SD, reabsorption: 1.21 (1.06-1.38),
reserve: 1.24 (1.08-1.38)), one with HF (reserve: 1.41 (1.13-1.74)), and none with mortality.
Compared to a base model (C-statistic = 0.674), adding eGFR and ACR improved the C-statistic
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(C=0.704, p=0.001); further adding tubule scores additionally improved the C-statistic (C=0.719,
p=0.009). In the setting of CKD, dimensions of tubule health quantified using factor analysis
improved CVD discrimination beyond contemporary kidney measures.

Clinical Trial Registration—
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kidney; chronic kidney disease; biomarker; cardiovascular disease; epidemiology

INTRODUCTION

Chronic kidney disease (CKD) is a well-established risk factor for cardiovascular disease
(CVvD)! and yet the mechanisms connecting the most common measure of kidney function,
estimated glomerular filtration rate (eGFR), to atherosclerosis are unclear.? The eGFR is
often used clinically as a global marker of kidney health, despite its much narrower purpose
of reflecting glomerular filtration.3 However, eGFR does not adequately capture the health
of the kidney tubules, the site of numerous important homeostatic processes.* These
metabolically active processes, such as acid/base balance and toxin secretion, have been
hypothesized to prevent endothelial dysfunction and atherosclerosis. By measuring injury
and dysfunction in the kidney tubules, we may be able to understand better how kidney
impairment leads to CVD and to improve CVD risk prediction, beyond eGFR and
albuminuria which have shown mixed results for CVD risk prediction.®

Novel biomarkers have enabled non-invasive measurement of kidney tubule injury and
dysfunction. These biomarkers represent a wide range of tubular processes, including tubular
injury (IL-18, KIM-1, NGAL),5-8 repair (YKL-40),° fibrosis (MCP-1),19 proximal tubule
reabsorptive capacity (alpha-1 microglobulin, beta-2 microglobulin),!! defense from
infections (uromodulin),2 and response to systemic hormones (intact FGF-23, intact PTH).
Several of these biomarkers have been shown to improve detection of in-hospital acute
kidney injury compared to traditional measures,!3 therefore, there is also interest in using
these urine proteins for CKD prognostication in ambulatory patients. Prior studies have seen
mixed associations of individual biomarkers with cardiovascular and mortality risk, with
numerous biomarkers having associations with risk, but not improving discrimination when
evaluated as single markers, based on the C-statistic or other measure.14-22

It seems unlikely that any individual marker would fully capture all aspects of kidney tubule
health. While these biomarkers may hold important information about CVD, approaches are
needed to distill the complexities of multiple biomarkers into clinically informative and
actionable results, and to capture the full spectrum of tubule health in an integrated
approach. To optimize the biomarkers’ predictive capacity and reduce redundancy from
correlated biomarkers, a crucial next step is to integrate the information from a panel of
biomarkers into summary scores of kidney tubule health that can be incorporated and
interpreted within clinical practice and might more accurately reflect the global relationship
of kidney tubule health with CVD.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 3

We had four objectives. First, to create scores for different dimensions of kidney tubule
health, using factor analysis to summarize the 10 biomarkers. Second, to examine the
correlation of traditional kidney measures (eGFR and albuminuria) with these summary
scores of kidney tubule health. Third, to evaluate the association of the scores of tubular
health with risk of cardiovascular disease events, heart failure, and all-cause mortality.
Finally, to determine if the addition of tubular health scores improved CVD risk
discrimination in comparison with eGFR and ACR.

METHODS

Study Population

The Systolic Blood Pressure Intervention Trial (SPRINT) recruited 9,361 participants at
high risk of CVD to test whether a lower systolic blood pressure (BP) target (<120 mm Hg)
would improve cardiovascular outcomes compared to usual BP goal (systolic BP target <140
mm Hg). Main results and trial details are published elsewhere.23: 24 Briefly, participants
were eligible if they were aged =50 years and had systolic BP 130-180mmHg and at least
one of the following: prevalent subclinical or clinical CVD, 10-year Framingham risk score
>15%, CKD (eGFR by MDRD formula 20- <60 ml/min/1.73m?2), or age >75 years. Notable
exclusion criteria were diabetes, prior stroke, and proteinuria >1g/day. Participants were
randomized between November 2010 and March 2013; on August 20, 2015, the trial was
terminated on the recommendation of the data safety monitoring board.

Our study population included SPRINT participants with CKD, as defined by eGFR (by
CKD-Epi creatinine-cystatin C equation) <60ml/min/1.73m?2 (n=2514).2%> We excluded
participants with missing or invalid biomarker measurements (n=86, due to poor sample
quality) and with missing covariates (n=52). Our final study population included 2376
participants.

Data and study materials will be publically available to other researchers at the National
Heart, Lung, and Blood Institute’s data repository (https://biolincc.nhlbi.nih.gov/home/) in
November 2020.

Biomarker Measurement

Urine and venous blood specimens were collected at the baseline visit and stored at -80°C at
a central laboratory. Urine biomarkers were measured in duplicate and averaged to improve
precision at the Laboratory for Clinical Biochemistry Research at the University of Vermont.
Alpha-1 microglobulin (alpha-1) was measured using a Siemens nephelometric assay
(Tarrytown, NY) with inter-assay CV of 3.5-8.8% and detectable range of 5-480 mg/L.
Beta-2 microglobulin (beta-2), uromodulin (umod), and NGAL were measured on a
multiplex assay on a MESO Scale Diagnostics platform (Rockville, MD) with inter-assay
CVs of 15-16%, 13-16%, and 11-19%, respectively. The ranges of detection were 1.2—
5,020 ng/mL for beta-2, 0.6-2,510 ng/mL for uromodulin, and 6-251,000 ng/mL for NGAL.
IL-18, KIM-1, MCP-1, and YKL-40 were also measured together using a multi-plex assay
on a MESO Scale Diagnostics platform (Rockville, MD). Inter-assay CVs were 4.9-13.7%,
6.1-13.0%, 7.1-12.0%, and 6.5-11.1%, respectively. The analytic ranges were 2—10,000
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ng/mL for 1L-18, 4-200,000 pg/mL for KIM-1, 3-10,000pg/ml for MCP-1, and 10-500,000
ng/mL for YKL-40. Samples with biomarker values below the limit of detection were
assigned a value equivalent to the lower limit of detection divided by the square root of two.

Intact serum PTH and intact serum FGF-23 were measured at the SPRINT Central
Laboratory at the University of Minnesota, Minneapolis in 2015. An intact PTH
immunoassay (e411 analyzer, Roche, Indianapolis, IN) was used with an analytic
measurement range of 1.2-5,000 pg/mL and an inter-assay CV of 4.9% at 35.1 pg/mL and
2.5% at 210.4 pg/mL. A two-site ELISA (Kainos Laboratories, Tokyo, Japan) was used to
measure intact FGF-23 with an analytic measurement range of 2.2-800 pg/mL and an inter-
assay CV of 8.6% at 22.5 pg/mL and 3.2% at 85.1 pg/mL.

Outcome Ascertainment

Covariates

Our primary outcome was the same as the SPRINT primary outcome: CVD events, defined
as a composite of myocardial infarction, acute coronary syndrome, stroke, acute
decompensated heart failure, and cardiovascular death. We also separately examined all-
cause mortality and heart failure, defined as hospitalization or emergency department visit
with signs or symptoms of heart failure and requiring infusion therapy treatment.23

Demographic characteristics were age, race, and sex. Clinical characteristics measured prior
to randomization included systolic and diastolic BP, number of hypertension medications,
statin use, serum total cholesterol, serum HDL cholesterol, and history of clinical CVD or
heart failure.23

Both serum and urine creatinine were measured by an enzymatic procedure with calibration
traceable to an isotope dilution mass spectrometry (IDMS) procedure on Roche Chemistry
Analyzers (Roche, Indianapolis, IN).26 Urine albumin was measured by a nephelometric
method using the Siemens ProSpec nephelometer (Siemens, Tarrytown, NY). The inter-
assay CV for urine creatinine was 1.5-4.3% and for urine albumin was 2.2—6.9%.
Albuminuria was calculated as the albumin-to-creatinine ratio (ACR). Serum cystatin C was
measured (Gentian, Moss, Norway) in all participants at baseline. eGFR was calculated
using the CKD-Epi equation for creatinine and cystatin C.25

Statistical Analysis

Urine biomarkers were indexed to urine creatinine and log base-2 transformed. We
examined all pairwise Spearman correlations of creatinine-index kidney tubule biomarkers.
To determine the number of factors to extract, we initially performed principal components
analysis and examined the number of eigenvalues >1 and the scree plot; we also conducted
parallel analysis.2”: 28 From these results, a model with 4 distinct factors was determined to
be appropriate for the data. We then used factor analysis with principal components factors
estimation and examined different rotations to determine the best fit to the data by
Thurstone’s rules.2® To derive factor scores, we used the regression scoring method, which
creates standardized scores for each factor (i.e., mean 0 and standard deviation 1).
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We stratified participants by those who did vs. did not have CVD events during follow-up
and examined baseline characteristics across groups. We calculated Pearson correlations
among the factor scores and eGFR and albuminuria. Cox proportional hazards regression
was used to evaluate associations with CVD events, heart failure events, and all-cause
mortality. We first used restricted cubic splines for each factor score, adjusted for age, sex,
race, and randomization arm, to evaluate whether the factor score had an approximately
linear association with cardiovascular disease events. In our main analysis, we used the
factor scores as continuous, linear predictors and nested adjusted models: Model 1 adjusted
for age, sex, race, intervention arm, systolic blood pressure, diastolic blood pressure, number
of hypertension agents at baseline, total cholesterol, HDL cholesterol, statin use (yes/no),
smoking status (current/former/never), and history of CVD/HF. Model 2 additionally
adjusted for eGFR and ACR; Model 3 additionally included all factor scores simultaneously.
Both the hazard ratios for the factors and for eGFR and ACR were of interest across the
sequence of models, to compare relative strengths of associations with outcomes, and to
explore the degree of attenuation of different markers of kidney function in nested models
before and after mutual adjustment.

To determine if kidney tubule factor scores improve CVD discrimination, we constructed a
base model with CVD risk factors (Model 1 as described above), and added 1) all factor
scores 2) eGFR and ACR, 3) all factor scores, eGFR, and ACR. We calculated Harrell’s C-
statistic with 95% confidence intervals and tested the differences between each model using
Stata’s roccomp. \We calculated the C-statistics overall and in individuals without a history
of CVD.

We also conducted several sensitivity analyses. First, to determine whether the association of
the factor scores with CVD events was different by trial arm, we included an interaction
term between the factor score and randomization. Second, we added an interaction term
between the factor score and history of CVD/HF; we hypothesized that the associations
would be stronger in individuals without a history of CVD/HF, similar to other risk factors
associations that are often weaker in people with prior CVD events.39 We used a likelihood
ratio test to evaluate the significance of these interaction terms. Statistical analyses were
conducted using Stata Version 15.1 (StataCorp LLC, College Station, TX); p-values < 0.05
were considered statistically significant for all analyses. There was no adjustment for
multiple comparisons for interaction terms.

There were 2376 SPRINT-CKD participants, including 306 who developed CVD during a
median of 3.8 years of follow-up. On average, CVD risk factors were more prevalent in the
group that subsequently experienced CVVD during follow-up (Table 1). Among the persons
who experienced CVD events, the median and 75™ percentile values of urine and serum
biomarkers were generally higher than in participants who did not develop CVD.
Correlations between serum biomarkers and creatinine-indexed urine biomarkers were
absent to moderate in strength, ranging from 0 to |0.57| with the highest correlations among
the two markers of proximal tubule reabsorptive capacity (alpha-1 and beta-2)
(Supplementary Table S1).
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The factor loading matrix from principal components estimation with promax rotation is
displayed in Table 2, in which each coefficient can roughly be interpreted as a correlation,
with values close to —1 or 1 indicating a strong correlation with the factor and values close to
0 indicating no correlation of the individual biomarker with the factor itself. The solution
showed good model fit, with no biomarker loading higher than 0.32 on more than one factor.
29 Uniqueness, meaning the proportion of the biomarker’s variance not explained by the
factors, was generally low (0.2-0.5). We created names for the factors according to the
hypothesized physiology of the most highly loading biomarkers’: we labeled Factor 1,
comprised by IL-18, NGAL, and YKL-40, as “tubule injury/repair”; Factor 2, comprised by
KIM-1, MCP-1, as “tubule injury and fibrosis™; Factor 3, comprised by alpha-1 and beta-2,
as “tubule reabsorption”; and Factor 4, comprised by umod, iFGF-23, and iPTH, as “tubular
reserve/mineral metabolism.”

The Pearson correlations among tubule factor scores were low, ranging from —0.02 between
the injury/fibrosis score and the reabsorption score, to 0.28 for the injury/repair score with
the injury/fibrosis score (Supplementary Table S2). There was minimal correlation of eGFR
with the two injury scores (—0.03 for injury/repair and —0.06 for injury/fibrosis), weak
inverse correlation of eGFR with the tubule reabsorption score (-0.32), and moderate
inverse correlation with the tubular reserve/mineral metabolism score (-0.51). ACR had
weak to moderate correlations with all tubular factor scores, ranging from 0.19 to 0.42.

There was a strong association between the factor scores and risk of CVD events after
adjustment for demographics (age, sex, race) and intervention arm (Figure 1) and
associations appeared fairly linear in spline analyses.

The associations of each factor with CVD events and HF, across the sequence of
multivariable adjusted models is shown in Table 3. In Model 1, adjusted for demographics,
intervention arm, and CVD risk factors, each factor was individually associated with risk of
CVD and HF, as were eGFR and ACR. After adjustment of the factor scores for eGFR and
ACR, the associations with CVD and HF were attenuated: the injury/fibrosis score was no
longer significantly associated with CVD or HF, and the tubule reabsorption score was not
significantly associated with HF. When all six dimensions of kidney health were included
simultaneously in the model (4 tubule factor scores + eGFR + ACR), the tubule reabsorption
score, the tubular reserve/mineral metabolism score, and ACR were independently
associated with CVD, whereas eGFR was completely attenuated (HR 0.98, 95%ClI: 0.85 to
1.13). In the same model for HF, only the tubular reserve/mineral metabolism score and
ACR were significant, and eGFR was similarly null (1.03, 0.82 to 1.29).

Associations of the four factors with all-cause mortality are shown in Table 4. In Model 1,
all four factors were individually associated with mortality, as were eGFR and urine ACR.
After adjustment for eGFR and ACR, only the tubule injury/repair score remained
significant. In a single model containing all 6 dimensions of kidney health, only eGFR (HR
1.33,1.13 to 1.58) and ACR (1.29, 1.10 to 1.49) were associated with death. although the
tubule injury/repair score was marginally not associated with death (HR 1.15, 0.998 to 1.32,
p=0.053).

Hypertension. Author manuscript; available in PMC 2020 October 01.
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The inclusion of factor scores significantly improved discrimination of CVD risk based on
the C-statistics (Table 5). Compared to a base model (C-statistic 0.674), there was significant
improvement either by adding both eGFR and ACR (C-statistic 0.704, p=0.001) or by
adding all the factor scores (C-statistic 0.716, p=0.0001 to the base model). Including all
dimensions of kidney health (eGFR, ACR, and all factor scores) resulted in the highest C-
statistic (0.719), which was significantly better than the model with eGFR and ACR
(p=0.009), but not than the model with the factor scores (p=0.30). Among participants
without a history of CVD (n=1885), the tubule factors had a somewhat larger improvement
in the C-statistic above and beyond eGFR and ACR (0.026) compared with the same models
in the overall cohort (0.015). (Table 5)

In the sensitivity analysis stratified by intervention arm (Supplementary Table S3), one of
twelve interactions was statistically significant: for the tubular reserve/mineral metabolism
score and HF, the HR in the standard arm was 1.10 (95%CI: 0.83 to 1.45) and in the
intervention arm was 1.63 (95%CI: 1.26 to 2.11) (p-for-interaction: 0.02). As alpha was not
corrected for multiple comparisons, this interaction may be due to chance. In a second
sensitivity analysis, stratification by prior history of CVD or HF (Supplementary Table S4)
showed effect modification for the tubule reabsorption score with both CVD and HF. The
association of the tubule reabsorption score was significantly stronger in those without a
history of CVD/HF compared to those with a history of CVD/HF.

DISCUSSION

In this study among SPRINT participants with CKD at baseline, novel dimensions of kidney
tubule health, measured by a panel of urine and serum biomarkers and quantified by factor
analysis, were independently associated with risk of CVD, HF, and mortality. These new
dimensions of kidney tubule health also improved discrimination of CVD risk beyond that
provided by eGFR and ACR. The tubule factor scores were only weakly correlated with
eGFR and ACR, indicating that they represent distinct dimensions of kidney health that are
not captured by these kidney function measures available in contemporary clinical practice.
In mutually adjusted models, while two of the factors remained strongly associated with
CVD events, eGFR was completely attenuated, indicating that tubular health may, in large
part, explain the association between eGFR and CVD events. These findings suggest that
integrating multiple kidney biomarkers into scores representing physiologically distinct
tubule processes can create new metrics of kidney health that are distinct from eGFR and
ACR, and that may improve CKD diagnostics and prognostication.

To our knowledge, this is the first study to show gains in combining biomarkers using factor
analysis in the setting of CKD.3! In our previous analyses examining biomarkers
individually with risk of CVD and death in the same SPRINT CKD subset, we found that
only urine alpha-1 microglobulin and uromodulin concentration were independently
associated with CVD events, while alpha-1, YKL-40 and IL-18 were also associated with
death.21: 22 The current study shows that by combining biomarkers using factor analysis, we
created stronger, more statistically precise markers of tubule health, gaining power to detect
associations that were not present for individual biomarkers. In combining multiple
biomarkers into a few indices, factor analysis accounted for the correlation among
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biomarkers and reduced the influence of random error from both measurement error and
intra-individual variability. Additionally, the factors were developed using an unsupervised
statistical approach based solely on the inter-relationship of the biomarkers themselves,
without any influence of their association with endpoints. What emerged were four factors
that represented distinct physiologic processes based on the biomarkers that were grouped
together. This reflects factor analysis’ ability to identify relevant underlying biological
processes and provided new integrated scores that are useful both for research and clinical
practice. For research, we envision the use of factor analysis to accommodate and sort an
ever-expanding number of candidate biomarkers, to determine which biomarkers add
substantial power to existing factor scores and to identify biomarkers that detect new
dimensions of kidney health. In future clinical practice, we hope that biomarkers will be
ordered in parsimonious panels depending on indication, such as a proximal tubule injury
score for HIV drug toxicity32 and a secretion score for drug dosing.33

Ever since eGFR was found to predict CVD events, it has been posited that glomerular
filtration may not be the primary kidney-related contributor to CVD risk.2 However, few
studies have been able to pinpoint other causes that would explain the strong and consistent
association between eGFR and CVD.22 In our study, eGFR was associated with CVD
before, but not after, adjustment for kidney tubule factor scores. The attenuation of eGFR’s
association with CVD may have several explanations. One possibility is that kidney tubule
dysfunction and injury may directly contribute to atherosclerotic events more so than
glomerular filtration. The numerous homeostatic functions performed by the kidney tubules
likely have wide-ranging effects, including endothelial function. Another possibility is that
kidney tubular health is not causally associated with CVD but rather is serving as a more
sensitive marker of vascular damage or other aging processes that lead to increased risk of
CVD. The tubules may reflect cumulative damage from environmental toxins and other
sources that harm both the tubules and other vascular systems in parallel. As such, the health
of the kidney tubules could be a marker of total vascular damage that is not captured by
traditional cardiovascular risk factors such as high serum cholesterol and high blood
pressure. Regardless of which of these hypotheses is proven true, the ability to non-
invasively measure kidney tubule health, its ability to predict CVD, and its strong
attenuating effects on eGFR suggest that these markers have important potential to provide
new insights to the links between kidney disease and CVD beyond currently available
clinical measures.

This study also provides insights on the relationships between eGFR, albuminuria, and
kidney tubule health. Previous studies have hypothesized that albuminuria may be a marker
of total kidney damage rather than glomerular or tubular damage exclusively.1® The findings
reported here support this hypothesis, as we observed that albuminuria was somewhat
correlated with tubule injury scores while eGFR was not correlated. Additionally, as albumin
is reabsorbed after filtration,1° we reassuringly saw a modest correlation between ACR and
the tubule reabsorption score.

The factor scores provided similar, if not slightly stronger, improvement in CVD
discrimination than eGFR and ACR in this population. Adding factor scores to the
eGFR/ACR model also improved CVD discrimination, while adding eGFR/ACR to the
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factor scores did not. We believe that, while these findings provide important proof of the
concept that tubular dysfunction and injury may provide new insights into the link between
kidney and vascular disease, the list of markers evaluated here may not be optimal. Further
work is needed to refine the panel of biomarkers that would most improve CVD
discrimination. However, whatever the ultimate panel is composed of, it is likely that factor
analysis may assist in understanding unique physiological processes within the kidney that
may contribute to CVD risk.

This study has important limitations. First, conducting this study in a population with CKD
with a relatively restricted range of eGFR (20-59ml/min/1.73m?2) may have limited our
ability to detect an independent association between eGFR and outcomes. However, the
association between eGFR and death provides more confidence in interpreting our null
results for CVD and HF as being unlikely to result from a lack of power. Second, we did not
have a validation cohort to ensure that our results are replicable in another population. Third,
biomarkers were measured from frozen spot urine samples, and the influence of storage and
diurnal variation in these biomarkers has not been extensively studied. Fourth, SPRINT
excluded individuals with diabetes, polycystic kidney disease, and proteinuria >1g/day.
Whether or not the results generalize to these populations requires future study. Finally, we
selected 10 different biomarkers of kidney tubule health. The study benefitted from our
ability to compare their inter-correlation and utilize them to develop factors. On the other
hand, these are among a subset of novel markers of kidney tubule health, and additional
markers may have further improved risk discrimination.

In conclusion, by combining kidney tubule health biomarkers using an unsupervised
approach, we identified multiple factors that defined unique aspects of kidney tubule health.
Several of these factors were strongly associated with CVD and death and improved
discrimination of CVD above and beyond traditional CVD risk factors, eGFR, and ACR,;
replication is needed in other settings. When factors were employed, the strong association
of eGFR with CVD was completely attenuated, while associations of several factors with
CVD remained robust. Summary scores of kidney tubular health may help capture unique
aspects of CKD not evident by eGFR, ACR, or individual biomarkers by themselves.

PERSPECTIVES

CKD is a strong risk factor for CVD, but current clinically used measures of kidney health
(eGFR and ACR) focus on glomerular health. The kidney tubules perform a myriad of
functions important for maintaining homeostasis and likely contain important prognostic
information for CVD. We demonstrated that factor analysis can distill complex information
from ten biomarkers of kidney tubule health into summary scores representing four distinct
dimensions of tubule health. Several of these scores were significantly associated with
cardiovascular events and mortality. Our study thereby showed both the importance of the
kidney tubules in CVD risk discrimination as well as the utility of factor analysis for
integrating numerous kidney tubule biomarkers into clinically useful scores for future
research.

Hypertension. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 10

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

1. What is New?

We measured 10 biomarkers measured in blood and urine and
applied statistical methods to condense them into four distinct
aspects of kidney tubule health. This improved identification of
people who developed cardiovascular disease, a common
complication of chronic kidney disease

2. What is Relevant?

Hypertension is a strong risk factor for chronic kidney disease, and
all our participants had hypertension

By better characterizing the location and type of dysfunction in the
kidney, we can improve treatments for chronic kidney disease

3. Summary

It is important to measure the health of the kidney tubules to
improve management of chronic kidney disease, and the statistical
method we used to condense numerous biomarkers into a small
number of distinct scores is crucial to advance kidney research
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association of factor scores and cardiovascular disease events in SPRINT-CKD, overlaid on
histogram of factor score, n=2376.

Panel A: Tubule Injury/Repair Score. Panel B: Tubule Injury/Fibrosis Score. Panel C:

Tubule Reabsorption Score. Panel D: Tubular Reserve/Mineral Metabolism Score. Models
adjusted for age, sex, race, and randomization arm.
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Baseline characteristics of SPRINT-CKD participants, by CVD during follow-up, n=2376

Table 1.

Characteristics

| No CVD during follow-up n=2070 | CVD during follow-up n=306

Age 72.7+9.0 | 76.0+9.1
Female 861 (41.6) 98 (32.0)
Race

Non-Hispanic White 1352 (65.3) 218 (71.2)

Non-Hispanic Black 538 (26.0) 67 (21.9)

Other 180 (8.7) 21 (6.9)
Intensive BP arm 1074 (51.9) 142 (46.4)
Systolic blood pressure 139.4 +16.2 140.5 +17.7
Diastolic blood pressure 74.6+12.2 71.8+12.9
Number of hypertensive medications at baseline 2[1,3] 2[2,3]
History of CVD or HF 471 (22.8) 125 (40.9)
Total cholesterol 184.3 +40.2 179.3+44.9
HDL cholesterol 52.6 +£14.4 50.2 £ 13.9
Statin use 1067 (51.6) 173 (56.5)
Smoking

Current smoker 178 (8.6) 33(10.8)

Former smoker 940 (45.4) 148 (48.4)

eG l:Rcr&cysc

48.8[39.4, 54.9]

44.4[34.1,53.0]

Albumin-to-Creatinine Ratio

13.1[6.5, 40.7]

28.5[10.4, 95.9]

Alpha-1 microglobulin mg/L 13[7, 24] 19 [10, 33]
Beta-2 microglobulin ng/mL 94 [33, 299] 153 [42, 479]
Uromodulin ng/mL 7[4,10] 6[4,9]
IL-18 ng/mL 30 [16, 56] 34[17, 59]
KIM-1 pg/mL 840 [384, 1556] 881 [395, 1699]
MCP-1 pg/mL 178 [90, 324] 184 [86, 367]

YKL-40 ng/mL

532 [212, 1200]

602 [219, 1594]

NGAL ng/mL

27 [15, 56]

29 [16, 70]

iPTH pg/mL

47 [35, 65]

52 [35, 75]
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Characteristics

| No CVD during follow-up n=2070 | CVD during follow-up n=306

iFGF-23 pg/mL

| 66 [52, 87] | 69 [55, 95]

Data displayed are mean + SD, n (%), or median [25th percentile, 75th percentile].

Umod, uromodulin. IL-18, interleukin 18. KIM-1, kidney injury molecule-1. MCP-1, monocyte chemoattractant protein-1. YKL-40, chitinase-3-
like protein-1. NGAL, neutrophil gelatinase-associated lipocalin. iPTH, intact parathyroid hormone. iFGF-23, intact fibroblast growth factor-23.
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Table 2.
Factor loading matrix from exploratory factor analysis of kidney tubule biomarkers
. . . Factor 4: Tubular

omariers ot e Ftorkifuwe P 3 T Reervaineral  Uriquenes
Alpha-1 -0.085 0.072 0.873 0.117 0.235
Beta-2 0.083 -0.011 0.858 -0.126 0.223
Umod 0.089 -0.071 0.258 -0.683 0.456
IL-18 0.596 0.253 -0.061 0.114 0.485
KIM-1 -0.020 0.894 0.026 0.036 0.200
MCP-1 -0.035 0.912 0.035 -0.073 0.200
YKL-40 0.838 -0.001 -0.016 -0.025 0.304
NGAL 0.877 -0.110 0.033 -0.016 0.259
iIFGF-23 -0.043 -0.059 0.157 0.587 0.628
iPTH 0.105 -0.067 0.121 0.707 0.470

Bold indicates factor loading >0.5. Uniqueness is defined as the proportion of each biomarker’s variance not explained by the factors.
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Table 3.

Hazard ratios and 95% confidence intervals for association of factor scores, eGFR, and ACR (per standard
deviation) with risk of cardiovascular disease and heart failure, n=2376

Model 1: Demographics +

Intervention arm + CVD Risk Model 2: Model 1 +

Model 3: Model 2 + all

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kidney measures

1.73m%decrease)
ACR

1.44 (1.29 to 1.60)

Factors eGFR + ACR factors

Cardiovascular Disease (events=306)

Tubule Injury/Repair Score 1.25(1.11 to 1.40) 1.14 (1.01t0 1.28) 1.08 (0.95 to 1.23)
Tubule Injury/Fibrosis Score 1.17 (1.03 to 1.33) 1.07 (0.94 to 1.22) 1.05 (0.92 to 1.21)
Tubule Reabsorption Score 1.37 (1.23 to 1.54) 1.18 (1.04 to 1.34) 1.21 (1.06 to 1.38)
Tubular Reserve/Mineral Metabolism 1.35(1.21 to 1.51) 1.22 (1.06 to 1.39) 1.24 (1.08 to 1.42)
Score

eGFR (per SD =10.4 ml/min/ 1.29 (1.15to 1.43) - 0.98 (0.85 to 1.13)

1.23 (1.08 to 1.40)

Heart Failure (events = 123)

Tubule Injury/Repair Score
Tubule Injury/Fibrosis Score
Tubule Reabsorption Score

Tubular Reserve/Mineral Metabolism
Score

1.36 (1.15 to 1.60)
1.34 (1.07 to 1.67)
1.41 (1.18 to 1.68)
1.62 (1.37 t0 1.92)

1.22 (1.03 to 1.44)
1.18 (0.94 to 1.48)
1.11 (0.92 to 1.35)
1.41 (1.14 to 1.74)

1.16 (0.96 to 1.40)
1.11 (0.88 to 1.41)
1.13 (0.93 to 1.39)
1.41 (1.13 to 1.74)

eGFR (per SD=10.4 ml/min/1.73m?
decrease)

ACR

1.47 (1.24 10 1.75)

1.64 (1.39 to 1.94)

1.03 (0.82 to 1.29)

1.32 (1.08 to 1.62)

Demographics: age, sex, race. CVD risk factors: SBP, DBP, number of hypertension medications at baseline, smoking, total cholesterol, HDL

cholesterol, statin use, history of CVD or HF. ACR modeled per SD of log2-transformed ACR. Bold indicates p<0.05.
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Page 19

Hazard ratios and 95% confidence intervals for association of factor scores, eGFR, and ACR (per standard
deviation) with risk of all-cause death, n=2376

All-cause death (events=233)

Model 1: Demographics +
Intervention Arm + CVD Risk

Model 2: Model 1 +

Model 3: Model 2 + all

Factors eGFR + ACR factors
Tubule Injury/Repair Score 1.28 (1.13 to 1.45) 1.17 (1.03 to 1.33) 1.15 (0.998 to 1.32)
Tubule Injury/Fibrosis Score 1.26 (1.07 to 1.47) 1.14 (0.97 to 1.33) 1.09 (0.92 to 1.28)
Tubule Reabsorption Score 1.30 (1.15 to 1.49) 1.01 (0.88t0 1.17) 1.00 (0.86 to 1.16)

Tubular Reserve/Mineral 143 (1.26 t0 1.62) 1.12 (0.95 to 1.30) 1.09 (0.93 to 1.28)
Metabolism Score

eGFR (per SD=10.4 ml/min/ 1.56 (1.38 t0 1.77) - 1.33(1.13 to 1.58)
1.73m? decrease)

ACR 1.55 (1.37 to 1.75) - 1.29 (1.10 to 1.49)

Demographics: age, sex, race. randomization arm. CVD risk factors: SBP, DBP, number of hypertension medications at baseline, smoking, total
cholesterol, HDL cholesterol, statin use, history of CVD or HF. ACR modeled per SD of log2-transformed ACR. Bold indicates p<0.05.
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Page 20

C-statistics (95% confidence interval) for discrimination of CVD events, overall and in participants without a

history of CVD.

Participants without history of CVD n=1885

Models | Overall n=2376
Base model (Model 1) 0.674 (0.641 to 0.706)
Base + eGFR/ACR (Model 2a) 0.704 (0.673 0 0.735) *
Base + factor scores (Model 2b) 0.716 (0.686 to 0.745) *

Base + eGFR/ACR + factor scores (Model 3) | 0.719 (0.690 to 0.749) *t

0.667 (0.626 t0 0.709)
0.705 (0.667 t0 0.744) ™
0.728 (0.692 to 0.765) *7
0.731 (0.695 t0 0.768) *7

*
different than base model, p<0.05.

fdifferent than eGFR/ACR model, p<0.05

Base model is same as Model 1 in Tables 3 & 4; includes demographics (age, sex, race), intervention arm, and CVD risk factors (SBP, DBP,

number of hypertension medications at baseline, smoking, total cholesterol, HDL cholesterol, statin use, history of CVD or HF).
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