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Abstract

Current guidelines for chronic kidney disease (CKD) recommend using albuminuria as well as
estimated glomerular filtration rate (eGFR) to stage CKD. However, CKD progression is solely
defined by change in eGFR with little regard to the risk implications of change in alouminuria.
This is an observational study from the Stockholm CREAtinine Measurements (SCREAM)
project, a health care utilization cohort from Stockholm, Sweden, with laboratory measures from
2006-2011 and follow-up through December 2012. Included were 31,732 individuals with two or
more ambulatory urine albumin to creatinine ratio (ACR) tests. We assessed the association
between change in ACR during a baseline period of 1, 2, or 3 years and end-stage renal disease
(ESRD) or death. Using a 2-year baseline period, there were 378 ESRD events and 1712 deaths
during a median of 3 years of follow-up. Compared to stable ACR, a 4-fold increase in ACR was
associated with a 3.08-times (95% confidence interval 2.59 to 3.67) higher risk of ESRD while a
4-fold decrease in ACR was associated with a 0.34-times (0.26 to 0.45) lower risk of ESRD.
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Similar associations were found in people with and without diabetes mellitus, with and without
hypertension, and also when adjusted for the change in eGFR during the same period. The
association between change in ACR and mortality was weaker: ACR increase was associated with
mortality, but the relationship was largely flat for ACR decline. Results were consistent for 1-, 2-,
and 3-year ACR changes. Thus, changes in albuminuria are strongly and consistently associated
with the risk of ESRD and death.
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INTRODUCTION

Chronic kidney disease (CKD) is a significant global public health problem with poor
prognosis and elevated healthcare costs!. Recent clinical guidelines on CKD incorporate
albuminuria as well as estimated glomerular filtration rate (eGFR) to define and stage
CKD?4, However, guidelines define CKD progression solely by eGFR changes, and
disagree regarding the usefulness and/or frequency of alouminuria monitoring 5. The
progression of CKD is often slow and there are few specific symptoms until very advanced
disease. Changes in albuminuria may serve as early indicators of CKD progression and
complications beyond eGFR, but the risk implications of these changes are not well
documented, with existing studies predominantly limited to subjects with diabetic kidney
disease 8 °.

There is increased interest in surrogate endpoints of CKD progression for the testing of new
treatments in patients with CKD, given that the clinically meaningful event of ESRD
requires large and lengthy trials to assess drug efficacy. A 30% decline in eGFR has been
proposed as an acceptable surrogate of CKD progression in some circumstances?®: 11,
Changes in albuminuria may also be considered a potential surrogate endpoint, with the
advantage that they often occur earlier in the disease course than eGFR decline. Recent
meta-analyses of randomized controlled trials attempted to validate the usefulness of short-
term albuminuria changes to predict ESRD incidencel2-14, Collectively, they concluded that
placebo-adjusted treatment effects on albuminuria correlate well with the treatment effect on
ESRD endpoints. However, they also acknowledge as limitations that the duration of those
trials was relatively short (maximum 24-month intervention) and that they included a
selected population, composed mainly of diabetic and hypertensive patients. Definitive
conclusions have not been reached and recent debate has highlighted the significant
controversy15-18,

Observational studies in large representative healthcare-utilization cohorts can fill some of
these knowledge gaps, with the possibility of modeling longer time-frames for albuminuria
change, testing its predictive accuracy in real-life heterogeneous populations, and overall
contributing to provide clinical guidance as to how to interpret albuminuria changes at the
bedside in the face of substantial biologic variability. Against this background, the objective
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of this study was to analyze the prognostic nature of alouminuria changes with regards to the
subsequent risk of ESRD and mortality in a real-life healthcare setting.

Participant selection and baseline characteristics

There were 88 055 individuals =18 years of age who underwent urine albuminuria testing in
the region of Stockholm during 2006-2011, with 202 598 albumin to creatinine ratio (ACR)
tests performed. Of those individuals, there were 39 864 individuals with 22 ACR tests. We
then imposed the requirement that >2 ACR tests must have been performed in the outpatient
setting, excluding 1541 individuals. Of the 38 323 individuals with =2 outpatient ACR tests,
6533 individuals had urine ACR changes not fitting the pre-specified baseline periods; thus,
our analyses were finally based on 31 732 individuals. Depending on the baseline period
considered, different numbers of individuals were eligible (Supplemental Figure 1).

Table 1 describes baseline characteristics of 19 897 participants with data on 2-year ACR
changes. Mean age was 59 (minimum 18, maximum 96) years, 41% were women, 61% had
diabetes mellitus, and 69% had a history of hypertension. History of cardiovascular disease
(CVD) was present in 16%. Baseline average eGFR was 81 (standard deviation, SD 30)
ml/min/1.73m? and baseline median ACR was 1.9 (IQR 0.8, 8.5) mg/mmoL (16 [7-75]
mg/g). When stratified by change in ACR, individuals with increases in ACR tended to be
older, with more comorbid conditions and a somewhat lower baseline eGFR than individuals
with decreases in ACR. Similar patient characteristics were observed for the 1-year and 3-
year baseline periods (Supplemental Tables 1 and 2).

When stratified by the presence of diabetes mellitus, diabetic patients were older, more often
men, and more often with a history of hypertension or CVD as compared to non-diabetic
patients. Baseline eGFR was slightly higher and median ACR slightly lower among diabetic
compared to non-diabetic patients (Supplemental Table 3).

During a median follow up of 3.0 years, 378 (2%) individuals developed ESRD, and 1712
(9%) died (Table 2). Of the 1712 deaths, 672 were attributed to cardiovascular causes. Death
and ESRD events were more common in patient groups with increases in ACR, and more
common in individuals with higher baseline ACR. The same pattern was observed for the 1-
year and 3-year baseline periods (Supplemental Tables 4 and 5).

ESRD risk according to fold-change in ACR

ACR fold-change followed a normal distribution for each baseline period, with increases in
ACR being slightly more common than decreases in ACR (panel A: Figure 1, Supplemental
Figures 2 and 3). The association between ACR change and ESRD was strong and showed a
nearly linear relationship (Figure 1, Panel B). There was a 3.08-times (95% confident
interval, Cl 2.59 to 3.67) higher risk of ESRD associated with a 4-fold increase in ACR over
a 2-year period, and 0.34-times (95% CI 0.26 to 0.45) lower risk of ESRD associated with a
4-fold decrease in ACR (0.25-fold increase in ACR).
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The shape of the association between change in ACR and ESRD remained essentially
unchanged for both men and women (P for interaction>0.1; Supplemental Figure 4, Panel
A) or according to the presence/absence of diabetes (Figure 2, Supplemental Figures 5 and
6). In fact, the risk associated with a 4-fold increase in ACR over a 2-year period was similar
for both diabetics (3.07 [2.42, 3.89]) and non-diabetics (3.02 [2.33, 3.92]). Results were
confirmed across other pre-specified subpopulations, including different age strata,
hypertensive patients, or individuals with different baseline levels of ACR and eGFR (Figure
3, additional details on number of participants and events in Supplemental Table 6).
Although the distribution of ACR change was shifted slightly to the left (favoring decrease
in ACR) among users of RAAS inhibitors, there were similar associations between ACR
change and the risk of ESRD among both users and non-users of RAAS inhibitors
(Supplemental Figure 7, Figure 3).

The results appeared robust through several sensitivity analyses, which included adjusting
for the concomitant change in eGFR, adjusting for the number of available tests per
individual, considering death as a competing risk, considering the composite endpoint of
ESRD plus renal death, excluding individuals with concomitant diagnosis of urinary tract
infection, and studying the selected population of individuals free of diabetes and
hypertension (Supplemental Figure 8, Supplemental Tables 7, 8). Analyses assessing the
fold-change in ACR over shorter (1 year) and longer (3 year) periods yielded comparable
associations to the main analysis (panel B: Supplemental Figures 2 and 3).

Mortality risk according to fold-change in ACR

Compared to those with stable ACR, the adjusted HR of all-cause mortality was higher with
greater ACR increases, but was largely flat in the range of ACR decline (Figure 1, Panel C).
This mortality risk pattern was similar for both men and women (P for interaction>0.1;
Supplemental Figure 4, Panel B), diabetics and non-diabetics (Figure 2, Panels E and F),
and through all baseline periods (Supplemental Figures 2, 3, 5 and 6). In general, the
association between ACR increases and the risk of death was lower in magnitude than that
observed for ESRD risk. Adjusted HRs for mortality associated with fold-increases and
decreases in ACR are shown in Supplemental Figure 9: A 4-fold increase in ACR during a
2-year period was associated with a 1.5-times higher risk of mortality (95% CI 1.39 to 1.62),
and a 4-fold decrease in ACR did not show any association with this outcome (adjusted HR
0.98 [95% CI 0.89, 1.08]). We observed consistent results in subgroup analyses
(Supplemental Figure 9 and additional detail on number of participants and events in
Supplemental Table 6) and for both non-cardiovascular and cardiovascular-specific mortality
(Supplemental Figure 10-12).

DISCUSSION

The purpose of this study was to assess the risk implications of a change in ACR for the
development of ESRD, particularly as a potential early marker of ESRD risk. Previous
studies have shown the strong prediction of albuminuria measures at a single time point for
ESRD and mortalityl9-23  but little is known outside the RCT setting about whether changes
in ACR over time translate into changes in these outcomes. In this analysis of 31,732
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individuals with repeated ACR tests from the same region and healthcare system, we
documented that changes in ACR over a 1, 2 or 3-year time interval were linearly associated
with subsequent risk of ESRD. The HR of ESRD adjusted for baseline ACR, eGFR and
other covariates was substantially higher with greater ACR increases, and substantially
lower with greater ACR reductions. Our study also reported associations with mortality that
were quantitatively smaller than associations with ESRD risk but still important for ACR
increases. Strengths of this study are its healthcare setting as well as its large size and
population heterogeneity, reflecting real-life associations from the clinical arena. This
allowed us to model larger time intervals than previous RCTSs, and provides overall robust
results across relevant subgroup populations scarcely investigated before (including non-
diabetics and non-hypertensives, or individuals with normo/moderately/severely increased
ACR). Altogether, these novel data provide a basis to better interpret ACR monitoring at the
bedside and to foster consideration of change in albuminuria as a surrogate endpoint for
clinical trials.

In the interpretation of our results, the healthcare utilization nature of our study should be
duly noted. ACR testing is not universal in healthcare, and we have no direct information on
the indications for or the reasons behind such testing. This results in a cohort with more
comorbid conditions than the general Swedish population and generalizability to other
settings should not be directly assumed. Additional limitations of our study is that we lack
information on smoking, blood pressure or body weight, and that as in all observational
studies, we can neither infer causality in the associations, nor ascertain the etiologies or
therapeutic strategies that explained the variation in our exposure (for instance, whether
treatment or discontinuation of RAAS inhibitors were responsible for the observed changes
in ACR). Nevertheless, we were reassured in the robustness of our findings by the fact that
the association remained strikingly similar among a number of stratified analyses, allowing
us to speculate that these associations may be independent of etiology.

In contrast to current recommendations*~7, which rely only on eGFR changes to define CKD
progression, our study clearly shows how a change in ACR adds important prognostic
information to initial ACR as well as eGFR changes. In our study, the prognostic association
between ACR changes and ESRD outcomes was strong and robust in our real-life healthcare
setting. Notably, the association was not materially modified by baseline albuminuria,
suggesting that reducing albuminuria both in the moderately and severely increased range
may slow kidney disease progression24. An interesting finding, both from a prognostic and
from an etiological point of view, is that the association between ACR changes and ESRD
risk remained strong beyond adjustment for baseline eGFR and the eGFR change occurring
over the same time period. This provides additional support for the notion that albuminuria
and eGFR represent two interconnected but distinct measures of pathways leading to kidney
failurel® 20, Qur observations may have clinical implications for considering albuminuria
surveillance in clinical practice to monitor CKD progression. An increase in ACR
monitoring in clinical practice could lead to better prognostication and intensified
interventions in high-risk individuals with worsening albuminuria before a decline in eGFR.
This may prove to be of particular importance given the ongoing global increase in CKD
burden. In this sense, our data are useful for defining what level of albuminuria change in the
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future may be considered clinically important and what its consequences might be in order
to motivate how frequently people should be monitored.

Our results also contribute to the current debate concerning the use of surrogate outcomes to
facilitate the conduct of clinical trials in nephrology. Because number and type of RCTs
targeting albuminuria in CKD are limited12-14, particularly with respect to length of follow-
up, number of ESRD events reached and the selection of mainly diabetic patients,
observational studies such as ours are necessary to assess a range of potential scenarios and
thus evaluate the utility, robustness and power of ACR changes. In evaluating future trials it
will be important to consider the mechanism of action for lowering albuminuria and
reducing CKD progression since no surrogate is perfect and hence the challenge is to define
the range of circumstances under which using albuminuria as a surrogate is useful. In this
regard, consistency of effects over time and across all predefined strata in our study may
suggest applicability for shorter as well as for longer trials, which is relevant for diseases
that are progressing more rapidly or slowly, respectively.

Evaluation of the outcome of death is important because it is a common outcome in CKD
and may precede ESRD. In our study, ACR increases were linearly associated with the risk
of death, which was attributed to excess of both cardiovascular-related and non-
cardiovascular-related deaths. Again, we are not aware of previous community-based studies
evaluating the association between ACR changes with mortality, but our data is in line with
previous evidence documenting the powerful predictive power of single alouminuria tests for
hard endpoints21-23, Conversely, no association was observed for ACR decreases; in our
healthcare setting, decreases in ACR were less common, and occurred in a healthier subset
with few mortality events. Our data expand to the greater community the post hoc analysis
from an RCT 25, where a > twofold increase in ACR over 2 years was associated with nearly
50% higher mortality (HR 1.48; 1.32-1.66), and a = twofold decrease in ACR was
associated with 15% lower mortality (HR 0.85; 95% CI 0.74 to 0.98) compared with those
with lesser ACR changes and after adjustment for baseline albuminuria.

We recognize that fold-change in ACR based on a single first and single last ACR is less
precise than alternative designs in which multiple measures are available at each time point.
However, the two-measure approach is simpler and easier to implement in clinical trials than
an endpoint defined on the average rate of decline in ACR. The inter- and intra-laboratory as
well as intra-individual variability of ACR causes concern about the ability to monitor this
variable over time26, In our study, the performance of all ACR analyses by three centralized
laboratories with frequent audits for harmonization should therefore be seen as an
advantage. Nonetheless, we acknowledge the intra-individual variability inherent in urine
albumin excretion and that we cannot distinguish first morning voids from spot urine
samples in the lab records. Finally, there is some controversy regarding the standardization
of urine albumin with urine creatinine. We note that, as we assess ACR fold-change over
time, the method of standardization should have less impact, and that our results were robust
by sex and age and also after additional adjustment for change in eGFR.

To conclude, changes in ACR in a healthcare setting were strongly and consistently
associated with the risk of ESRD and mortality, documenting the value of albuminuria
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monitoring in estimating patients’ risk and providing real world evidence for the notion of
ACR change as a relevant surrogate endpoint.

METHODS

Patient selection

The Stockholm CREAtinine Measurements (SCREAM) project is a healthcare utilization
cohort from the sole healthcare provider of the region of Stockholm, Sweden (Stockholm
County Council), described elsewhere 27. Briefly, all Stockholm residents over the age of 18
years and who had a measurement of serum creatinine in either inpatient or outpatient care
during 2006-2011 were included. For these, all standard laboratory tests performed during
the period were collected; the dataset was then linked to regional and national administrative
databases with complete information on demographic data, healthcare utilization, diagnoses,
validated ESRD outcomes, vital status and pharmacy-dispensed medicines 27. The
institutional review board at Karolinska Institutet, Stockholm, Sweden and the Swedish
National Board of Welfare approved the study.

Biochemical assessments and study covariates

Blood and urine laboratory tests were performed as part of a healthcare encounter. In this
analysis, we considered only those tests performed in the outpatient setting, which may
better reflect stable medical conditions. Biochemical assessments were performed by three
different laboratories that provide services to the region 27. Inter- as well as intra-laboratory
variation is considered minimal, with the three laboratories frequently being audited for
quality and harmonization by the national Government-funded organisation EQUALIS
(www.equalis.se). Serum and urine creatinine measurements were standardized to isotope
dilution mass spectrometry. ACR was calculated by taking the ratio between urinary albumin
and urinary creatinine, and expressed in mg/mmol (to convert to mg/g multiply by 8.84).
Serum creatinine was used to calculated eGFR using the CKD-EPI 2009 creatinine
equation 28. Information on race was not available by law, and all individuals were assumed
to be Caucasian.

Other study covariates are considered as follows: Age, defined as of time of first ACR test
and analyzed continuously. Presence of diabetes mellitus, defined by relevant ICD-10 codes
before the first ACR test; or pharmacy dispensation of oral antidiabetic medication (ATC
codes A10A, A10B) within 3 months before first ACR test. Presence of hypertension was
defined by relevant ICD-10 codes (ICD-10 110-115) or pharmacy dispensation of
antihypertensive medication (ATC codes C03, C09, CO3DA, C07 and C08). Participants
with a history of myocardial infarction (ICD-10 — 121, 122), coronary revascularization
(surgical codes FNA, FNB, FNC, FND, FNE, FNF, FNG), heart failure (ICD-10 150), or
stroke (ICD-10 161, 163, 164) were considered to have a history of cardiovascular disease
(CVD). Information on drug-dispensations was derived from linkage with the Swedish
Prescribed Drug Registry, which collects information on all prescription drugs dispensed at
Swedish pharmacies?®. Data on blood pressure, weight and smoking were not available
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Study exposure

The study exposure was the fold-change in ACR during a baseline period. The implications
of the magnitude of change in ACR may vary depending on the time over which change is
assessed. For that reason, we evaluated three distinct pre-specified baseline periods (1, 2,
and 3 years). For each baseline period, a 0.5 year of margin before and after the end of the
period was allowed for determining the last available ACR to calculate the change (e.g.,
ACR between 0.5 and 1.5 years after the first available ACR could be used for the 1 year
baseline period analysis), but the ACR closest to the end of the period of interest was
selected for each participant!L.

Study outcomes—The primary outcome of interest was ESRD after the baseline period.
We defined ESRD as initiation of renal replacement therapy (dialysis or renal
transplantation). ESRD events were ascertained by linkage with the Swedish Renal
Registry30, with follow up until December 315t, 2012 and censoring for death. As sensitivity
analysis we considered the composite endpoint of ESRD and renal death (death attributed to
renal causes, ICD-10 codes N18, N19). Secondary outcomes were all-cause mortality as
well as cause-specific mortality, grouped as cardiovascular and non-cardiovascular deaths.
Cardiovascular mortality was defined as death due to myocardial infarction, heart failure,
stroke, or sudden cardiac death reported as 15! position cause of death (any ICD-10 code
from the I chapter). The remainder of deaths were considered non-cardiovascular.
Information on vital status and causes of death was obtained via linkage with the Swedish
Population Registry, with end of observation on December 315t, 2012 and no loss to follow

up.

Statistical analysis

Analyses were performed using Stata/SE software version 14 (StataCorp). We considered 2-
sided Pvalues of less than 0.05 as statistically significant. We imputed missing values of
serum cholesterol using the cohort-specific mean values. We did not impute change in ACR
or change in eGFR, as this data was available in all cases. We modeled the adjusted hazard
ratios (HRs) of ESRD and mortality after the end of the baseline period as a spline function
of log-transformed fold change of ACR. We fit piecewise linear splines for log-transformed
fold change of ACR (knots were placed at 4-fold increase, 4-fold decrease and stable ACR).
We used stable ACR (-1.25 to +1.25 fold increase) as a reference in categorical analysis.
Cox models were adjusted for age, sex, total cholesterol, hypertension, diabetes, history of
cardiovascular disease, first eGFR (knot at 60 ml/min/1.73m?2) and first log-transformed
ACR. Interaction terms assessed the potential effect modification of the presence of diabetes
mellitus with change in ACR, and analyses were performed separately within each diabetes
strata. Spline curves were also constructed as above for the association between fold change
in ACR and cause-specific mortality.

Several sensitivity analyses were pre-specified for the primary study outcome of ESRD risk.
First, we adjusted for change in eGFR during the same baseline period!?; second, given that
this is a healthcare extraction with sicker individuals more often accessing healthcare, we
adjusted for the number of tests available for each individual during the period; Third, we
considered death as a competing risk; Fourth, we considered the composite endpoint of
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ESRD and death before ESRD attributed to CKD ((kidney disease death); Fifth, we
excluded patients in which baseline ACR measurements occurred concomitantly with a
diagnostic code for urinary tract infection. Finally, analyses were stratified by a) sex, b)
presence of diabetes mellitus, ¢) presence of hypertension, d) initial ACR category (<30
mg/g, =30-299 mg/g, =300 mg/q), level of eGFR (<60 ml/min/1.73 m2, =60 ml/min/1.73
m?2), and RAAS inhibitor use. For simplicity of presentation, the main analysis here
presented refers to the 2-year ACR change. Corresponding results for other baseline periods
are presented as supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of 2-year ACR fold changes (Panel A) and adjusted hazard ratio of end-stage

renal disease (ESRD, Panel B) and mortality (Panel C) associated with a 2-year fold change
in ACR. Adjusted for baseline (log) ACR, baseline eGFR (knot at 60 ml/min/1.73 m?), age,
gender, total cholesterol, diabetes mellitus, hypertension and history of cardiovascular
disease. Filled circles denote statistical significance (P<.05) compared with the reference
(diamond) at stable ACR (1-fold change). Grey area represents 95% confidence intervals.
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Figure 2.
Distribution of 2-year ACR fold changes (Panels A and B) and adjusted hazard ratio of end-

stage renal disease (ESRD, Panels C and D) and mortality (Panels E and F) associated with a
2-year fold change in ACR stratified by the presence of diabetes mellitus. Adjusted for
baseline (log) ACR, baseline eGFR (knot at 60 ml/min/1.73 m2), age, gender, total
cholesterol, hypertension and history of cardiovascular disease. Median ACR (IQR) was 19
(7, 106) mg/g in non-diabetics and 16 (7, 60) mg/g in diabetics. Filled circles denote
statistical significance (P<.05) compared with the reference (diamond) at stable ACR (1-fold
change). Grey area represents 95% confidence intervals. P value for the product diabetes x
ACR fold change >0.1.
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Figure 3.
Forest plots of 4-fold decrease (A) and 4-fold increase (B) in ACR during a 2-year period

and ESRD risk, overall and in subgroups.

NA indicates that there were no ESRD events in persons with ACR <30 mg/g and a >4-fold
decrease in ACR during the 2-year period. “Not using RAAS-I” indicates participants were
not taking a RAAS-I at the start or end of the 2-year baseline period. “Using RAAS-1”
indicates participants were taking a RAAS-I at the start and end of the 2-year baseline
period. “Starting or stopping RAAS-I” indicates that participants had a change in RAAS-I
use from the start to the end of the 2-year baseline period.
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