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Aims Biomarkers of kidney tubule injury, inflammation and fibrosis have been studied extensively and established as
risk markers of adverse kidney and cardiovascular disease (CVD) outcomes. However, associations of markers of
kidney tubular function with adverse clinical events have not been well studied, especially in persons with chronic
kidney disease (CKD).

...................................................................................................................................................................................................
Methods
and results

Using a sample of 2377 persons with CKD at the baseline Systolic Blood Pressure Intervention Trial (SPRINT) visit,
we evaluated the association of three urine tubular function markers, alpha-1 microglobulin (a1m), beta-2 micro-
globulin (b2m), and uromodulin, with a composite CVD endpoint (myocardial infarction, acute coronary syndrome,
stroke, acute decompensated heart failure, or death from cardiovascular causes) and mortality using Cox propor-
tional hazards regression, adjusted for baseline estimated glomerular filtration rate (eGFR), albuminuria, and CVD
risk factors. In unadjusted analysis, over a median follow-up of 3.8 years, a1m and b2m had positive associations
with composite CVD events and mortality, whereas uromodulin had an inverse association with risk for both out-
comes. In multivariable analysis including eGFR and albuminuria, a two-fold higher baseline concentration of a1m
was associated with higher risk of CVD [hazard ratio (HR) 1.25; 95% confidence interval (CI): 1.10–1.45] and mor-
tality (HR 1.25; 95% CI: 1.10–1.46), whereas b2m had no association with either outcome. A two-fold higher uro-
modulin concentration was associated with lower CVD risk (HR 0.79; 95% CI: 0.68–0.90) but not mortality (HR
0.86; 95% CI: 0.73–1.01) after adjusting for similar confounders.

...................................................................................................................................................................................................
Conclusion Among non-diabetic persons with CKD, biomarkers of tubular function are associated with CVD events and mor-

tality independent of glomerular function and albuminuria.
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..Introduction

Persons with chronic kidney disease (CKD) are at increased risk of
cardiovascular disease (CVD).1 Along with established clinical diag-
nostic tests of kidney health, estimated glomerular filtration rate
(eGFR), and albumin–creatinine ratio (ACR), several novel markers
of tubular injury, inflammation, and fibrosis have been associated with
risk of CVD events.2–4 However, these biomarkers do not assess
tubular function. The tubules have a myriad of functions including nu-
trient reabsorption, injury prevention, toxin secretion, acid-base
homeostasis, and endocrine actions. Emerging biomarkers allow as-
sessment of components of tubule function, providing a multi-
dimensional picture of kidney health that moves beyond markers of
glomerular filtration and injury.

Alpha-1 microglobulin (a1m)5 and beta-2 microglobulin (b2m) are
low-molecular-weight proteins that are freely filtered at the glomeru-
lus and almost entirely reabsorbed (>99%) by proximal tubular cells.
Lower levels of these proteins in urine therefore signify preserved
tubular re-absorptive capacity. Studies have shown that tenofovir dis-
oproxil fumarate, an antiretroviral medication with known proximal
tubule toxicity, leads to high a1m and b2m levels, and these levels are
associated with greater interstitial fibrosis on kidney biopsy6 and with
kidney function decline.7 The relationship of these proximal tubule
function markers with risk of CVD is an emerging area of study.8,9

Uromodulin, also known as Tamm–Horsfall protein, is a 95-kDa
glycoprotein synthesized exclusively by kidney tubules, both in the
thick ascending limb of the loop of Henle and early distal convoluted
tubule, and is the most common protein in the urine of healthy
adults.10,11 Higher uromodulin levels are associated with larger kid-
neys and higher eGFR, and may serve as a surrogate for kidney tubu-
lar reserve.12 In older adults, higher uromodulin levels have been
associated with reduced risk of mortality and urinary tract infec-
tions.13,14 Thus, these three urine biomarkers may serve as important
indicators of underlying tubular function.7

Studies evaluating kidney tubule functions have been performed in
older adults,15 kidney transplant recipients,9 and persons infected
with HIV.7 Whether a panel of biomarkers reflecting tubular function
is associated with future risk of CVD events in persons with estab-
lished CKD has not been rigorously evaluated. Persons with CKD
are at a higher risk for CVD events16 than the general population and
novel biomarkers may help identify persons at particularly high risk
of these events. We evaluated our hypothesis that better tubular
function would be associated with lower risk of CVD events and
mortality by measuring these three biomarkers at the baseline visit
of the Systolic Blood Pressure Intervention Trial (SPRINT) among
participants with prevalent CKD.

Methods

The design and primary results of the SPRINT trial have been previously
reported.17,18 Briefly, SPRINT was an open-label clinical trial in which par-
ticipants with systolic blood pressure (SBP) >130 mmHg and high risk for
CVD events were randomized to an ‘intensive’ SBP target of <120
mmHg or ‘standard’ target of <140 mmHg. Inclusion criteria was age
>_50 years, SBP of 130–180 mmHg, and increased risk for CVD events
(prior clinical or subclinical CVD other than stroke, 10-year risk of CVD

of 15% or greater based on the Framingham risk score, CKD defined as
eGFR 20–59 mL/min/1.73 m2, or age >_75 years). Major exclusion criteria
included diabetes mellitus, proteinuria >1 g/day, polycystic kidney disease,
prior stroke or transient ischaemic attack, symptomatic heart failure
(HF), or a left ventricular ejection fraction <35%.

Population
Overall, 9361 participants were enrolled between November 2010 and
March 2013. All participants provided written informed consent.
Institutional Review Boards of all participating institutions approved the
study. We identified a subset of 2514 participants with eGFR <60 mL/
min/1.73 m2 as defined by the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) creatinine and cystatin C equation.19 Of these,
we excluded 78 who were missing values for the three biomarkers of
interest and an additional eight among whom the biomarker levels were
invalid. We further excluded 51 who were missing other covariates [sta-
tin use, body mass index (BMI), urine creatinine, urine albumin, or smok-
ing status] resulting in a final analysis sample of 2377 participants.

Exposures
Urinary specimens from the baseline SPRINT visit were stored at -80�C
until thawing for kidney tubule biomarker measurements. All three urine
biomarkers of tubule function were measured in duplicate and the results
averaged, at the University of Vermont. Urine a1m was measured using a
Siemens nephelometric assay with a detectable range from 5 to 480 mg/L
and interassay coefficients of variation ranging from 3.5% to 8.8% across
the analytic range. A multiplex assay was used to measure b2m and uro-
modulin, the analytic ranges for which were 1.2–5020 ng/mL (b2m) and
0.6–2510 ng/mL (uromodulin), respectively, and the interassay CVs were
13–16% (b2m) and 11–19% (uromodulin). Urine creatinine was meas-
ured using an enzymatic procedure (Roche, Indianapolis, IN, USA) and
urine albumin using a nephelometric method (Siemens, Tarrytown, NY,
USA).20

Outcomes
A composite CVD endpoint was the primary outcome of both the
SPRINT trial and this analysis. This included myocardial infarction, acute
coronary syndrome (ACS) not resulting in myocardial infarction, stroke,
acute decompensated HF, or death from cardiovascular causes.
Secondary outcomes included all-cause mortality, and the individual com-
ponents of the primary composite outcome. Clinical events occurring
during follow-up were ascertained primarily through surveillance of self-
reported events obtained via structured interviews every 3 months, and
through laboratory and ECG data collected by the study, and were adju-
dicated by members of the Morbidity and Mortality subcommittee
masked to treatment assignment.17

Covariates
Demographic, clinical, and laboratory data obtained at baseline were
used in this analysis. Adjustment variables for statistical models were
selected based on prior knowledge of factors that could potentially con-
found the associations. Established CVD risk factors at baseline included
age, gender, race (non-Hispanic white, non-Hispanic black, Hispanic/
other), BMI, smoking (current/former/never), systolic and diastolic blood
pressures, number of anti-hypertensive medications, statin use, and his-
tory of CVD or HF. We also adjusted for baseline laboratory measures
including urine creatinine, eGFR, urine albumin, total cholesterol,
HDL cholesterol, triglycerides, and finally the other two tubular function
biomarkers.

Tubule function markers and CVD 3487
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..Statistical analysis
We described the distribution of baseline participant characteristics
across quartiles tubular function markers using summary statistics. For
the continuous analyses, biomarker values were log base-2 transformed
to allow interpretation as ‘per two-fold higher’ as their distributions were
skewed. We used Spearman’s coefficients to evaluate the correlations of
biomarkers indexed to creatinine with eGFR and urine albumin-to-
creatinine ratio.

We evaluated the association between each tubular function marker
and each of our outcomes using Cox proportional hazards regression.
The biomarkers were modelled both as continuous and categorical
(quartile) variables. For each outcome, we fit a series of sequential mod-
els. In Model 1, we adjusted for age, sex, race, randomization arm, and
baseline urine creatinine. In Model 2, we further adjusted for baseline
eGFR, log urine albumin, smoking (current/former/never), BMI (linear
spline with a knot at 25 to account for increased risk of outcomes at both
high and low BMIs), systolic and diastolic blood pressure, number of anti-
hypertensive medications, history of CVD or HF, HDL cholesterol, total
cholesterol, triglycerides, and statin use. A final Model 3 further
adjusted for each of the other two kidney tubular function bio-
markers. We reported hazard ratios (HRs) and the corresponding
95% confidence intervals. In sensitivity analyses, we evaluated death
as a competing risk for each of the secondary outcomes. We tested
for an interaction by randomization treatment arm, and by the pres-
ence or absence of prevalent CVD at baseline, using the likelihood

ratio test. We evaluated whether addition of individual or all bio-
markers to a base CVD risk model improved area under the curve
for the model to the discriminate CVD risk.

All analyses were conducted using Stata/MP Version 15.1 (StataCorp
LLC, College Station, TX, USA) and estimates with two-sided P-values
<0.05 were considered significant for all analyses including interaction
terms.

Results

Baseline characteristics
The mean age of the 2377 SPRINT participants with CKD was 73± 9
(SD) years, 40% were women, and 26% were black. The mean eGFR
± SD was 46± 11 mL/min per 1.73 m2, and median urine ACR
was 14 [interquartile range (IQR), 6.9–45.5] mg/g. The median fol-
low-up time for the composite CVD outcome was 3.8 years
(IQR, 3.2–4.4 years).

Table 1 shows the baseline participant characteristics stratified by
urine a1m quartiles. Compared to participants in the lowest quartile
of a1m, those in the highest quartile were less likely to be female, had
greater prevalence of CVD and its risk factors including smoking,
lower eGFR, and higher systolic and diastolic blood pressures. Similar
patterns were seen when participants were stratified based on

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of participants with chronic kidney disease by quartiles of alpha-1 microglobulin in
SPRINT

Quartile 1: <7.09

mg/L (N 5 592)

Quartile 2: 7.09–13.3

mg/L (N 5 605)

Quartile 3: 13.4–24.9

mg/L (N 5 594)

Quartile 4: 25.0–283

mg/L (N 5 586)

Age (years) 72.8 (8.9) 72.8 (8.5) 73.9 (9.3) 72.9 (9.7)

Female 350 (59.1) 287 (47.4) 182 (30.6) 140 (23.9)

Race

NH white 390 (65.9) 394 (65.1) 401 (67.5) 381 (65.0)

NH black 155 (26.2) 162 (26.8) 139 (23.4) 154 (26.3)

Hispanic and other 47 (7.9) 49 (8.1) 54 (9.1) 51 (8.7)

BMI (kg/m2) 30.8 (6.3) 29.7 (5.8) 28.9 (5.7) 28.7 (5.5)

Intensive BP arm 317 (53.5) 309 (51.1) 312 (52.5) 284 (48.5)

History of CVD or HF 132 (22.3) 144 (23.8) 144 (24.2) 179 (30.5)

Smoking status

Never smoker 278 (47.0) 294 (48.6) 260 (43.8) 239 (40.8)

Former smoker 273 (46.1) 266 (44.0) 284 (47.8) 272 (46.4)

Current smoker 41 (6.9) 45 (7.4) 50 (8.4) 75 (12.8)

Urine creatinine (mg/dL) 87.1 (58.2) 119.8 (66.2) 131.3 (76.17) 159.3 (77.26)

eGFR (ml/min/1.73 m2) 50.6 (43.0–55.6) 50.0 (41.3–55.7) 48.1 (39.1–54.6) 42.7 (33.1–51.1)

Urine albumin 7.0 (4.0–15.0) 12.0 (7.0–27.0) 19.0 (9.0–71.0) 48.0 (19.0–150.0)

Systolic BP (mmHg) 137.1 (16.6) 139.4 (16.6) 140.2 (15.4) 141.4 (16.7)

Diastolic BP (mmHg) 73.0 (11.3) 74.0 (12.3) 74.4 (12.4) 75.7 (12.8)

Anti-hypertensive medications 2.2 (0.9) 2.1 (0.9) 2.1 (1.0) 2.2 (1.0)

Total cholesterol (mg/dL) 188.5 (39.0) 186.1 (41.0) 181.1 (41.9) 179.6 (41.0)

LDL cholesterol (mg/dL) 109.4 (34.4) 107.7 (34.6) 103.9 (34.25) 102.7 (34.1)

HDL cholesterol (mg/dL) 53.2 (13.7) 53.0 (14.0) 52.2 (14.5) 50.7 (15.3)

Triglycerides (mg/dL) 115.5 (85.0–156.5) 110.0 (81.0–151.0) 107.5 (77.0–149.0) 113.0 (83.0–153.0)

Statin use 291 (49.2) 312 (51.6) 326 (54.9) 310 (52.9)

All values are represented as mean (SD) or n (%) or median (IQR).

3488 P.S. Garimella et al.
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..b2m quartiles (Supplementary material online, Table S1). In contrast,
higher uromodulin quartiles were characterized by fewer smokers,
lower prevalent CVD, lower SBP, lower ACR, and higher eGFR
(Supplementary material online, Table S2).

After indexing to urine creatinine, both a1m and b2m were mod-
erately and positively correlated with each other (r = 0.57) but very
weakly with uromodulin (r = <0.01–0.16) (Supplementary material
online, Table S3). Both a1m and b2m were also weakly and inversely
correlated with eGFR (r = -0.33 and -0.15, respectively) and directly
with urine albuminuria (r = 0.48 and 0.29, respectively). Uromodulin
was weakly and directly correlated with eGFR (r = 0.25) and inversely
with albuminuria (r = -0.09).

Primary outcomes
There were 305 composite CVD events in our study sample, with an
incidence rate of 3.59/100 person-years. There was a strong and in-
cremental increase in the incidence of composite CVD events across
increasing quartiles of a1m, and a weaker increase across b2m quar-
tiles (Figure 1). A two-fold higher a1m concentration was associated
with a 26% greater risk for the composite CVD events endpoint, after
adjusting for multiple confounders including eGFR, albuminuria, b2m,
and uromodulin (Table 2). Participants in the fourth quartile of a1m
were at 80% greater risk for the composite CVD endpoint compared
to the first quartile. While higher b2m levels were associated with
the composite CVD outcome in univariate models, there was no as-
sociation after adjusting for confounding variables.

The unadjusted incidence rate of composite CVD events declined
across increasing quartiles of uromodulin (Figure 1). In continuous
models, a two-fold higher urine uromodulin concentration was

associated with a 21% lower risk of the composite CVD endpoint
after multivariable adjustment (Table 2). The highest quartile of uro-
modulin was associated with statistically significant 45% lower risk of
composite CVD in a model adjusted for age, sex, race, intervention
arm, and urine creatinine when compared with the first quartile.
However, this association failed to meet statistical significance after
further adjusting for composite CVD risk factors and other tubular
biomarkers.

Secondary outcomes
There were 233 deaths in our study sample over the follow-up
period. There was a more than doubling in the incidence of all-cause
mortality across increasing quartiles of a1m (Figure 1). Per two-fold
higher baseline level, a1m was associated with a 30% higher risk of
all-cause mortality after multivariate adjustment (Table 3). The high-
est quartile of a1m was associated with statistically significant 1.7
times higher risk of death in a model adjusted for age, sex, race, inter-
vention arm, urine creatinine, but this association failed to meet stat-
istical significance after further adjusting for CVD risk factors and
other tubular biomarkers. Levels of b2m were not associated with
all-cause mortality. In continuous models, each two-fold higher uro-
modulin was associated with �15% lower risk mortality, which
approached but did not reach statistical significance.

The Take home figure compares the HR of composite CVD and all-
cause mortality per 1 SD change in each of the three tubular function
biomarkers levels, and per 1 SD change in eGFR and albuminuria at
baseline among SPRINT participants with CKD. The magnitude of
effects of a1m and uromodulin for the composite CVD endpoint
were slightly stronger than that of urine albumin. The magnitude of

Figure 1 Unadjusted incidence rates of composite cardiovascular disease events and mortality across quartiles of tubular function biomarkers.
Each point in the figure depicts the unadjusted incidence rates for composite cardiovascular disease events per quartile of biomarker. The lines on ei-
ther side of the points represent the standard error bars for the incident rate.

Tubule function markers and CVD 3489
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..association of a1m with all-cause mortality was similar to eGFR and
urine albumin.

Table 4 depicts the associations of all three tubular function
markers as continuous variables with the individual components of
the composite primary endpoint. Higher a1m was significantly associ-
ated with a 60% and 85% greater risk of CVD death and ACS. Higher
uromodulin levels were independently associated with lower risk of
HF and CVD death after adjustment for similar confounders. There
was no association between b2m and any of the secondary out-
comes. Results of the competing risk analysis did not change the asso-
ciation of each of the tubular function biomarkers with any of the
secondary outcomes (Supplementary material online, Table S4).

There were no significant interactions between prevalent CVD
with any of the tubule function biomarkers for the primary outcome,
although the observed biomarker associations were qualitatively
stronger in participants without a history of CVD (all P-for-inter-
action > 0.05, Supplementary material online, Table S5). There were
also no interactions between randomization arm with any of the tu-
bule function biomarkers for the primary outcome (all P-for-inter-
action > 0.3, Supplementary material online, Table S6).

Adding a1m to the multivariable model (Model 2) significantly
improved the c-statistic from 0.702 to 0.713 (P = 0.010). The c-statis-
tic was somewhat higher with the addition of all three biomarkers,
0.721 (P = 0.003 compared with Model 2).

Discussion

Persons with CKD have substantially elevated risk for atherosclerotic
CVD and HF, which are largely responsible for the reduced life ex-
pectancy in CKD patients. In this study, which evaluated the associ-
ation between a panel of three kidney tubule function biomarkers
and clinical outcomes, we demonstrate that higher urine a1m and
lower urine uromodulin concentrations are significantly associated
with the composite CVD outcome in a large cohort of persons with
non-diabetic CKD. These relationships were independent of ‘glom-
erular’ markers of kidney health (eGFR and albuminuria) and other
CVD risk factors. The strengths of associations for a1m and uromo-
dulin with composite CVD were stronger than those of eGFR and
comparable to albuminuria despite the fact that the biomarkers were
adjusted for these variables in these comparisons. These findings
demonstrate the importance of kidney tubule health as a determinant
of CVD risk and survival in patients with CKD, and support a larger
role for kidney tubule function assessment in the diagnosis and stag-
ing of CKD.

Glomerular filtration and albuminuria primarily assess glomerular
function and injury, respectively. The kidney has many other import-
ant functions that are carried out by tubule cells including reabsorp-
tion of filtered nutrients, hormone production, acid-base regulation,
maintenance of host defence, and the secretion of endogenous toxins

..........................................................................................................................................................................................

....................................................................................................................................................................................................................

....................................................................................................................................................................................................................

...........................................................................................................................................................................................

....................................................................................................................................................................................................................

....................................................................................................................................................................................................................

...........................................................................................................................................................................................

....................................................................................................................................................................................................................

Table 2 Association of tubular function biomarkers with cardiovascular events among SPRINT participants with
chronic kidney disease

Alpha-1 microglobulin

Per two-fold

higher

Quartile 1:

LOD–7.08 mg/L

Quartile 2:

7.09–13.3 mg/L

Quartile 3:

13.4–24.9 mg/L

Quartile 4:

25.0–283 mg/L

Events/N 305/2377 51/592 67/605 74/594 113/586

Model 1 1.40 (1.26–1.56) 1 (ref) 1.35 (0.93–1.96) 1.50 (1.04–2.18) 2.61 (1.82–3.75)

Model 2 1.22 (1.08–1.38) 1 (ref) 1.22 (0.84–1.78) 1.21 (0.82–1.79) 1.69 (1.12–2.54)

Model 3 1.26 (1.10–1.45) 1 (ref) 1.25 (0.85–1.84) 1.24 (0.82–1.88) 1.79 (1.14–2.81)

Beta-2 microglobulin

Per two-fold

higher

Quartile 1:

LOD–33.9 ng/mL

Quartile 2:

34.0–96.7 ng/mL

Quartile 3:

96.8–318.8 ng/mL

Quartile 4:

319.1–9667.4 ng/mL

Events/N 305/2377 65/593 68/601 75/595 97/588

Model 1 1.06 (1.02–1.11) 1 (ref) 0.93 (0.66–1.31) 1.09 (0.78–1.52) 1.40 (1.02–1.93)

Model 2 1.03 (0.98–1.07) 1 (ref) 1.00 (0.71–1.40) 1.13 (0.81–1.59) 1.12 (0.80–1.56)

Model 3 1.00 (0.95–1.05) 1 (ref) 0.99 (0.70–1.40) 1.08 (0.76–1.53) 0.95 (0.66–1.37)

Uromodulin

Per two-fold

higher

Quartile 1:

0.24–4.28 lg/mL

Quartile 2:

4.29–6.54 lg/mL

Quartile 3:

6.55–9.93 lg/mL

Quartile 4:

9.94–127.2 lg/mL

Events/N 305/2377 94/592 84/595 72/595 55/595

Model 1 0.74 (0.65–0.83) 1 (ref) 0.82 (0.60–1.11) 0.69 (0.50–0.96) 0.55 (0.38–0.80)

Model 2 0.81 (0.71–0.93) 1 (ref) 0.97 (0.70–1.32) 0.92 (0.65–1.30) 0.78 (0.53–1.15)

Model 3 0.79 (0.68–0.90) 1 (ref) 0.93 (0.67–1.28) 0.89 (0.62–1.25) 0.73 (0.49–1.09)

Model 1: age, sex, race, intervention arm, and urine creatinine. Model 2: Model 1þ eGFR, log urine albumin, smoking, body mass index, systolic blood pressure, diastolic blood
pressure, number of anti-hypertensive medications at baseline, history of cardiovascular disease, heart failure, HDL cholesterol, total cholesterol, triglycerides, and statin use.
Model 3: Model 2þ other two tubular function biomarkers. LOD, level of detection.
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and medications. None of these functions can be assessed by measur-
ing eGFR or ACR alone, and eGFR is only moderately correlated
with the various indicators of kidney tubular health.21

Tubulointerstitial fibrosis and atrophy are common in nearly all forms
of kidney disease21–23 and their severity has consistently proven to
be among the most reliable features on biopsy to predict progression
to ESRD.22–24

Alpha-1 microglobulin is a 26-kD protein that is produced by the
liver and partially bound to IgA and found in various connective tis-
sues and blood.5 The unbound protein is freely filtered and nearly
completely reabsorbed in the proximal tubule through active trans-
port, thus allowing it to be evaluated as a marker of proximal tubule
function.6 Data in persons with relatively well-preserved kidney func-
tion including HIV-infected women,7 elders,15 and participants
enrolled in the Framingham Heart Study25 have reported that ele-
vated urinary levels of a1m are associated with risk of all-cause mor-
tality. Among prevalent kidney transplant recipients, each doubling of
urine a1m was associated with a 40% higher risk of CVD and 50%
higher risk of all-cause mortality.9 Our results, which are similar in dir-
ection but slightly weaker in magnitude; further, validate these associ-
ations in persons with CKD who have not received a kidney
transplant.

The relationship of uromodulin with non-renal outcomes has been
varied. In the Cardiovascular Health Study (CHS), each 1 SD higher
uromodulin level was associated with a 10% lower risk of mortality,

but urine concentrations were not associated with CVD events or
HF.13 Participants in CHS differ by having an eGFR nearly 30 mL/min
higher than the current study. Our findings in persons with CKD add
to this growing body of evidence demonstrating that markers of
tubular function are associated with CVD, HF and mortality risk, ar-
guably the most important outcomes in the CKD population.
Consistently, these associations appear to be robust to adjustment
for eGFR and albuminuria.

The mechanisms underlying the association of better tubular func-
tion with lower composite CVD events and mortality remain unclear.
In persons with drug-induced interstitial nephritis and those with kid-
ney transplants, urine a1m levels correlate with the severity of inter-
stitial fibrosis and tubular atrophy on kidney biopsy.26,27 Similarly,
levels of serum uromodulin (which correlate strongly with urinary
levels) were significantly lower early in the development of tubular at-
rophy, even before changes in GFR were noted.28 It is possible that
higher a1m and lower uromodulin levels are surrogates for worse
tubular function, such as erythropoietin production and maintenance
of acid–base and mineral metabolism homoeostasis. In the case of
uromodulin, which is exclusively produced by the thick ascending
limb of the loop of Henle and the collecting ducts, it has been pro-
posed that lower urinary levels reflect lower number of functioning
tubules and/or reserve which may exacerbate progression of kidney
disease. A prior study has demonstrated that higher levels of serum
uromodulin are associated with lower levels of tubular atrophy and

..........................................................................................................................................................................................

....................................................................................................................................................................................................................

....................................................................................................................................................................................................................

...........................................................................................................................................................................................

....................................................................................................................................................................................................................

....................................................................................................................................................................................................................

...........................................................................................................................................................................................

....................................................................................................................................................................................................................

Table 3 Association of tubular function biomarkers with all-cause mortality among SPRINT participants with chronic
kidney disease

Alpha-1 microglobulin

Per two-fold

higher

Quartile 1:

LOD–7.08 mg/L

Quartile 2:

7.09–13.3 mg/L

Quartile 3:

13.4–24.9 mg/L

Quartile 4:

25.0–283 mg/L

Events/N 233/2377 33/592 43/605 70/594 87/586

Model 1 1.52 (1.35–1.71) 1 (ref) 1.32 (0.83–2.08) 2.08 (1.35–3.20) 2.78 (1.80–4.29)

Model 2 1.17 (1.02–1.34) 1 (ref) 1.08 (0.68–1.72) 1.33 (0.85–2.09) 1.25 (0.77–2.02)

Model 3 1.25 (1.06–1.46) 1 (ref) 1.12 (0.70–1.80) 1.42 (0.88–2.29) 1.43 (0.84–2.42)

Beta-2 microglobulin

Per two-fold

higher

Quartile 1:

LOD–33.9 ng/mL

Quartile 2:

34.0–96.7 ng/mL

Quartile 3:

96.8–318.8 ng/mL

Quartile 4:

319.1–9667.4 ng/mL

Events/N 233/2377 50/593 51/601 59/595 73/588

Model 1 1.05 (1.00–1.10) 1 (ref) 0.88 (0.60–1.30) 1.09 (0.74–1.59) 1.28 (0.89–1.85)

Model 2 1.00 (0.95–1.04) 1 (ref) 0.96 (0.65–1.42) 1.12 (0.77–1.65) 0.87 (0.60–1.27)

Model 3 0.97 (0.92–1.02) 1 (ref) 0.97 (0.65–1.44) 1.07 (0.72–1.59) 0.79 (0.52–1.19)

Uromodulin

Per two-fold

higher

Quartile 1:

0.24–4.28 lg/mL

Quartile 2:

4.29–6.54 lg/mL

Quartile 3:

6.55–9.93 lg/mL

Quartile 4:

9.94–127.2 lg/mL

Events/N 233/2377 75/592 67/595 43/595 48/595

Model 1 0.74 (0.64–0.84) 1 (ref) 0.78 (0.55–1.09) 0.50 (0.33–0.74) 0.58 (0.38–0.86)

Model 2 0.87 (0.75–1.03) 1 (ref) 0.98 (0.69–1.40) 0.76 (0.50–1.15) 1.00 (0.65–1.56)

Model 3 0.86 (0.73–1.01) 1 (ref) 0.95 (0.66–1.37) 0.75 (0.49–1.14) 0.97 (0.62–1.52)

Model 1: age, sex, race, intervention arm, and urine creatinine. Model 2: Model 1þ eGFR, log urine albumin, smoking, body mass index, systolic blood pressure, diastolic blood
pressure, number of anti-hypertensive medications at baseline, history of cardiovascular disease, heart failure, HDL cholesterol, total cholesterol, triglycerides, and statin use.
Model 3: Model 2þ other two tubular function biomarkers.
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.fibrosis.29 We hypothesize that both biomarkers capture the broad
homeostatic functions of the kidney, which underlie its important
role in both CVD and overall prognosis. While it is possible that
there are direct mechanisms linking each of these urinary markers
with CVD events, we believe that hypothesis is less likely.

Similar to a1m, b2M is filtered by the glomerulus and nearly
completely reabsorbed and is reported to be able to differentiate al-
buminuria and non-albumin proteinuria.30 Elevated urinary levels of
b2M may be indicative of early tubular damage due to cadmium31,32

or tenofovir33 toxicity. To our knowledge, this is the first study

evaluating the association of b2M with CVD and mortality, and we
found no associations. Thus, the biology captured by A1M and b2M
are similar, and it is of interest that we observed strong associations
with CVD with A1M but not b2M. Recent studies have questioned
the value of b2M for detection of tubular dysfunction noting that
changes in urinary b2M correlated more closely with glomerular
damage leading to increased protein filtration rather than tubular
function loss leading to lower reabsorption.34,35 Another possible
reasons may be poor stability of b2M in urine as compared to a1m.
Data show that b2M is unstable in urine when the pH is <7 and gross-
ly so below a urine pH of 6.36,37

This study has important limitations. First, SPRINT excluded
persons with diabetes and high-grade proteinuria but included partic-
ipants with Stage 3–4 CKD. In the main SPRINT study, the intensive
BP lowering intervention had similar benefit in those with CKD as in
the remainder of the study sample. There is controversy over the op-
timal BP targets. Based on the SPRINT findings, the 2017 AHA hyper-
tension guidelines have recommended that persons with
hypertension and CKD should be treated to a BP of <130/80
mmHg.38 On the other hand, the 2018 European Society of
Cardiology and European Society of Hypertension (ESC/ESH)
suggest that in CKD, blood pressure should be lowered to
<140/90 mmHg and towards 130/80 mmHg, additionally noting an
increased risk of mortality with SBP <120 mmHg.39 We had hoped
that the tubule function biomarkers might identify subsets who would
benefit from more or less intensive BP lowering within SPRINT, but
did not find interactions to support such findings. As such, the data
provided here do not meaningfully influence the debate on appropri-
ate BP targets. Therefore future studies are required to determine if
results observed here generalize to other settings.13,40 Second, 24-h
specimens were not available in SPRINT, so we used spot urine sam-
ples.7,13,41 Third, we evaluated biomarkers measured at baseline. It
remains to be determined if changes in these markers provides infor-
mation on CVD risk beyond baseline values. Finally, due to the lack
data on urine pH, we are unable to evaluate if the lack of association
of b2M with outcomes is due to issues with its stability in acidic pH.

This study also has a number of strengths. To our knowledge, this
is the largest study evaluating a panel of tubular functional markers in
persons with CKD. The concurrent assessment allowed us to dem-
onstrate the correlations of these three distinct markers, and

....................................................................................................................................................................................................................

Table 4 Association of tubular function biomarkers with secondary cardiovascular disease outcomes after multivari-
able adjustmenta

Heart failure CVD death MI ACS Stroke

Events 123 67 108 27 72

Incidence Rate/100PY 1.40 (1.18–1.68) 0.75 (0.59–0.95) 1.24 (1.02–1.49) 0.31 (0.21–0.45) 0.82 (0.65–1.04)

Alpha-1 microglobulinb 0.97 (0.77–1.22) 1.61 (1.18–2.21) 1.12 (0.89–1.41) 1.85 (1.15–2.99) 1.30 (0.97–1.73)

Beta-2 microglobulinb 1.05 (0.97–1.13) 0.99 (0.90–1.10) 1.04 (0.96–1.13) 0.90 (0.78–1.05) 0.97 (0.88–1.06)

Uromodulinb 0.70 (0.56–0.87) 0.69 (0.50–0.93) 0.92 (0.73–1.16) 0.84 (0.95–1.06) 0.83 (0.63–1.10)

ACS, acute coronary syndrome; CVD, cardiovascular disease; MI, myocardial infarction.
aAdjusted for age, sex, race, intervention arm, urine creatinine, eGFR, log urine albumin, smoking, body mass index, systolic blood pressure, diastolic blood pressure, number of
anti-hypertensive medications at baseline, history of cardiovascular disease, heart failure, HDL cholesterol, total cholesterol, triglycerides, statin use, and other two tubular func-
tion biomarkers.
bPer two-fold higher.
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Cardiovascular Disease All−Cause Death

eGFR Albumin Alpha−1 Uromodulin Beta−2

Take home figure Comparison of the association of between
estimated glomerular filtration rate, albumin–creatinine ratio, and
tubular function biomarkers with composite cardiovascular disease
events and all-cause mortality. The figure compares the HRs of
composite cardiovascular disease and all-cause mortality per 1
SD change in each of the three tubular function biomarkers levels,
estimated glomerular filtration rate, and albuminuria in baseline
SPRINT participants with CKD. Uromodulin and estimated glom-
erular filtration rate are plotted as per 1 SD lower, while alpha-1
microglobulin, beta-2 microglobulin, and urine albumin are per 1
SD higher. All tubular function biomarkers, estimated glomerular fil-
tration rate, and albuminuria are included in the same model and
adjusted for all the variables listed in Model 3 in the preceding tables
and text.
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.
evaluate the degree to which associations with CVD are independent
of the other tubule function markers. All tubule function markers
were measured in duplicate, thereby improving precision. This study
population comprised participants enrolled in a clinical trial with
robust adjudication of composite CVD as the primary endpoint, the
main outcome of this study.

In this large study of non-diabetic persons with CKD, worse kidney
tubule function, defined by higher urinary a1m and lower uromodulin
levels, was associated with higher risk of CVD events and mortality
independent of eGFR, ACR, and other risk factors. Neither the inten-
sity of blood pressure control nor presence of CVD at baseline
impacted the results. If replicated in other settings, kidney tubule
function merits consideration as an additional axis of CKD diagnosis
and staging, given the strong associations with CVD events independ-
ent of ‘glomerular’ kidney measures, and that CVD is the most com-
mon cause of death and morbidity in CKD patients.

Supplementary material

Supplementary material is available at European Heart Journal online.
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