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Abstract

Rationale & Objective: Determining whether a change in estimated glomerular filtration rate
(eGFR) or albuminuria is clinically significant requires knowledge of short-term within-person
variability of the measurements, which few studies have addressed in the setting of chronic kidney
disease.

Study Design: Cross-sectional study with multiple collections over less than 4 weeks.

Setting & Participants: Clinically stable outpatients with chronic kidney disease (N = 50; mean
age, 56.8 years; median eGFR, 40 mL/min/1.73 m2; median urinary albumin-creatinine ratio
(UACR), 173 mg/g).

Exposure: Repeat measurements from serially collected samples across 3 study visits.

Outcomes: Measurements of urine albumin concentration (UAC), UACR, and plasma creatinine,
cystatin C, Bo-microglobulin (B2M), and beta trace protein (BTP).

Analytical Approach: We calculated within-person coefficients of variation (CV,,) values and
corresponding reference change positive and negative (RCVpos and RCVpeg) values using log-
transformed measurements.

Results: Median CVy, (RCVpos; RCVneg) values of filtration markers were 5.4% (+16%; —14%)
for serum creatinine, 4.1% (+12%; —11%) for cystatin C, 7.4% (+23%; —18%) for BTP, and 5.6%
(+17%; —14%) for B2M. Results for albuminuria were 33.2% (+145%; —-59%) for first-morning
UAC, 50.6% (+276%; —73%) for random spot UAC, 32.5% (+141%; —58%) for first-morning
UACR, and 29.7% (124%; -55%) for random spot UACR. CV,, values for filtration markers were
comparable across the range of baseline eGFRs. CV,, values for UAC and UACR were
comparable across the range of baseline albuminuria values.

Limitations: Small sample size limits the ability to detect differences in variability across
markers. Participants were recruited and followed up in a clinical and not research setting, so some
preanalytical factors could not be controlled.

Conclusions: eGFR markers appear to have relatively low short-term within-person variability,
whereas variability in albuminuria appears to be high, making it difficult to distinguish random
variability from meaningful biologic changes.

Am J Kidney Dis. Author manuscript; available in PMC 2019 October 01.
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Abnormalities in glomerular filtration rate (GFR) and/or albuminuria define chronic kidney
disease (CKD), a condition that affects ~ 10% of the US population.12 GFR is estimated
using endogenous plasma or serum filtration markers, most commonly creatinine.3
Albuminuria is most commonly quantified by measuring urinary albumin concentration
(UAC) or urinary albumin-creatinine ratio (UACR), which is UAC divided by urinary
creatinine concentration. Reference ranges for estimated GFR (eGFR) and albuminuria in
healthy individuals are well established.*

For individuals with CKD, clinicians and researchers measure and follow up serial changes
in eGFR and albuminuria to assess disease progression, prognosis, and response to therapy.
5-8 Determining whether a change in eGFR or albuminuria is clinically significant requires
knowledge of the expected variability in the absence of underlying clinical changes. For
example, according to present guidelines, an increase in UACR from the 30-300 mg/g range
to >300 mg/g denotes a transition from moderately to severely increased albuminuria, with
consequences in clinical decision making. Similarly, an increase in serum creatinine (Scr)
level by =0.3 mg/dL over 48 hours or =50% over 7 days defines acute kidney injury (AKI), a
major complication in patients with and without underlying CKD.

Despite the clinical importance of assessing the significance of changes in measurements of
kidney function, relatively little is known about the inherent biological variability of eGFR
and UACR in the setting of CKD. We therefore conducted this study in clinically stable
patients with CKD to provide estimates of the short-term within-person biological variability
in measures of kidney function, including albuminuria (UAC and UACR) and plasma eGFR
markers (creatinine and the newer markers cystatin C, B,-microglobulin [B2M], and beta
trace protein [BTP]).

Study Cohort

We collected urine and blood samples from individuals with CKD attending a nephrology
subspecialty practice at Brigham and Women’s Hospital, a tertiary-care medical center that
provides care for a racially and socioeconomically diverse population in eastern
Massachusetts and the surrounding region. Patients provided written documentation of
informed consent to participate in this study, which was approved by the local Institutional
Review Board (2010P002703). Eligible participants had a diagnosis of CKD under the care
of a nephrologist and were recruited as a convenience sample during a nephrology clinic
visit between February 2011 and February 2014. Participants were excluded for any of the
following reasons: inability or unwillingness to return for 2 additional study visits, recent
hospitalization or an episode of AKI (>50% increase in Scr over a 1-week period) within the
past 3 months, active glomerulonephritis or history of kidney transplantation, reported or
suspected urinary tract infection within the past 3 weeks, or a planned change by the
attending nephrologist of the dose of a diuretic and/or antihypertensive medication during
the study period.

Am J Kidney Dis. Author manuscript; available in PMC 2019 October 01.
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Sample Collection

Assays

We collected urine and blood samples shortly after a clinic visit (8 AM to 5 AM) and then at
2 requested follow-up study visits within an approximate 2-week period (range, 1-4 weeks).
At each of the 2 subsequent study visits, patients were asked to bring in a refrigerated first-
void morning urine sample and also provide a fresh urine sample during the study visit.
Thus, up to 3 blood specimens and up to 5 urine specimens were collected. Urine samples
were centrifuged at 3,200g for 5 minutes and the supernatants were collected. Trained
phleboto-mists at Brigham and Women’s Hospital collected blood samples according to
standard clinical protocols. All plasma samples and supernatants of urine samples were
frozen at —80°C within 4 hours of collection. We transferred or shipped frozen samples on
dry ice to perfomance laboratories at Brigham and Women’s Hospital for the measurement
of total urine protein excretion and to the University of Minnesota for the measurement of
plasma creatinine, cystatin C, B2M, BTP (as eGFR markers), urine albumin, and urine
creatinine.

Plasma and urine creatinine were measured using the Roche enzymatic method on a Roche
cobas 6000 chemistry analyzer, calibrated using the isotope-dilution mass spectrometry
standard traceable to the fresh-frozen serum-based National Institute of Standards and
Technology Standard Reference Material SRM 967. Plasma cystatin C and urinary albumin
were measured on the Roche chemistry analyzer using a turbidimetric assay. Plasma B2M
was measured using a latex agglutination assay. Plasma BTP was measured on a Siemens
ProSpec nephelometer. All assays were performed over a 2-day period. Interassay
coefficients of variation (CVs) of all plasma and urine markers were assessed using blind
split-replicate samples from individuals with CKD and were < 3% for each marker.

Published equations were used to estimate GFR from concentrations of filtration markers.
9-11

Statistical Analysis

All biomarker measurements and GFR estimates were transformed onto the natural log-scale
for analyses of within-person variability. For each participant, we calculated within-person
CV (CV,y) values across repeat sample measurements (up to 5 plasma and up to 3 urine;

missing values were not imputed) using the equation CV_ = v/(¢"*" — 1) where var refers to

within-participant variance. We then used median CV,, values to estimate 95% reference
change values (RCV5s) as:

e(l 96 % 2 X 1n(1 + csz))

RCV__ =
pos

v e(— 1.96 X {2 x ,/m(l + Csz))

neg
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RCVpos and RCVpeq refer to the increase or decrease that must be exceeded between 2
sequential results for a change to be considered different at a statistical significance level of
0.05.12 For example, RCVpos of +20% means that an increase from a 1.0 to 1.2 (arbitrary
measurement) may be within the expected range of values.

Bootstrap with 1,000 iterations was used to calculate 95% confidence intervals (Cls) for
median CV and differences in median CVs. Comparisons of median CVs between
subgroups were conducted using Mann-Whitney tests and generalized Hodges-Lehmann
median difference test, with Bonferroni-corrected P < 0.005 regarded as significant.

Clinical Characteristics

The study cohort consisted of 50 individuals who provided a total of 139 plasma samples
and 227 urine samples during the 4-week study period (Table 1). Mean age was 56.8 + 15.8
(SD) years. The cohort was composed of 44% women, 32% African Americans, and 32%
with diabetes mellitus. At enrollment, 36 (72%) were taking an angiotensin-converting
enzyme inhibitor or angiotensin receptor blocker, and 42% were taking a diuretic. From
samples obtained at the first timepoint, median eGFR using the CKD-EPI (CKD
Epidemiology Collaboration) creatinine equation was 33 (range, 11-97) mL/min/1.73 m?
and median random spot UACR was 143 (range, < lower limit of detection for the assay —
4,408) mg/g.

Within-Person Variability of eGFR Markers

Table 2 shows within-person variability results for the 4 filtration markers and eGFRs.
Values for filtration markers at each time point from all participants (without exclusion of
potential outliers) are listed in Table S1. Figure 1A to D shows scatterplots of CV,, values
for each filtration marker against mean values for each marker. The 2 highest CV,, values for
each of the 4 eGFRs were from the same 2 individuals. There were no statistically
significant differences in pairwise comparisons of median CV,, values. Rank ordering of
CV,y values for eGFRs using the 4 markers did not correspond to the rank ordering of CV,,
values across the filtration markers themselves due to the different exponents used in the
estimating equations. For example, filtration markers with the lowest and highest CV,,
values were cystatin C (median CV,, = 4.1%) and BTP (median CV,, = 7.4%), whereas
eGFRs with the lowest and highest CV,, values were eGFRg)\ (median CV,, = 4.7%) and
eGFRg¢, (median CVy, = 6.5%).

Within-Person Variability of Albuminuria

Median CV,, values for first-morning UAC and UACR were 33.2% (95% ClI, 14.4%
-52.0%) and 32.5% (95% Cl, 23.2%-41.9%), respectively. Median CV,, values for random
UAC and UACR were 50.6% (95% ClI, 39.0%-62.3%) and 29.7% (95% ClI, 19.5%-40.0%;
Table 3). UACR and UAC values at each time point for all participants are listed in Table S2.
Median CV,, values were not significantly different in first-morning versus random-void
specimens for UACR or UAC. Figure 2A to D shows scatterplots of CV,, values for random
and first-void albuminuria (UAC and UACR) against mean UAC and UACR. Table 4 shows

Am J Kidney Dis. Author manuscript; available in PMC 2019 October 01.
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results for within-person variability of UACR according to baseline UACR level. Variability
in random UACRs was sufficient to qualify as a change in albuminuria categorization in
only 6 of 50 participants, all between moderately increased (30—300 mg/g) and severely
increased (> 300 mg/g) categories.

Clinical Correlates of Within-Person Variability

Table 5 shows median CV,, values according to clinical characteristics. There were no
statistically significant differences in median CV,, values for each of the markers in
individuals with versus without a given characteristic (eg, diabetes vs no diabetes, blacks vs
nonblacks, or eGFR or UACR at median or less vs more than median).

Discussion

The major findings of this study of the biological variability of diagnostic and prognostic
laboratory tests in CKD were that: (1) filtration markers used to estimate GFR have
relatively low short-term (< 4 weeks) within-person variability, with CV,, values < 10%; and
(2) albuminuria has relatively high short-term within-person variability, with CV,, values
exceeding ~30%, whether measured as first-morning voids, random spot urine samples, or
normalized to creatinine level. Our estimates of CV,, for filtration markers are comparable
to those reported by other investigators in healthy individuals and CKD populations.13-15
Our estimates of CV,, for albuminuria are also consistent with those reported previously in
diabetic nephropathy and CKD16 and somewhat higher than that reported by Selvin et al*4 in
healthy individuals.

CVy, can be directly translated into the more clinically relevant parameters RCVos and
RCVpeg, Which are thresholds for an increase or decrease between successive measurements
in the same individual to be considered statistically significant at a given probability level (in
our case, P < 0.05).12 Based on our results for plasma creatinine (median CV,, = 5.4%), an
increase from baseline of 16% or a decrease of 23% can be expected by chance. For random
UACR (median CV,, = 29.7%), an increase from baseline of 124% or a decrease of 55% can
be expected by chance. It should be kept in mind that CV,, values may be different from one
individual to the next and that our results are summary measures based on median values
from the individuals enrolled in this study. Measurements from some individuals in our
study had relatively little variability, whereas others had substantially higher variability, as
shown in the supplementary tables.

Threshold changes from RCV have clinical implications. AKI when defined as a 50%
increase over 7 days!’ in Scr level exceeds the RCVs substantially, even in patients with
CKD, and therefore would not be expected to be a false-positive diagnosis from biological
variability alone. However, another definition of AKI incorporates smaller absolute changes,
such as 0.3 mg/dL over 48 hours.18 An individual with a baseline Scr level of 2.0 mg/dL
could be expected to have values up to 2.32 mg/dL on the basis of random variability alone.
Such an individual could be misclassified as having AKI despite having normal fluctuations
in Scr values from expected short-term within-person biological variability. Clinical context
needs to be taken into consideration when considering changes in Scr levels. The issue of
false-positive designations of AKI on the basis of small changes in Scr levels in the setting

Am J Kidney Dis. Author manuscript; available in PMC 2019 October 01.
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of CKD has been investigated by us® and others previously2? and can also be inferred on
the basis of the inverse relationship between filtration markers and actual GFR?1: compared
with healthy individuals with higher GFRs, individuals with CKD and lower GFRs will have
larger absolute increases in filtration marker values for a given absolute change in GFR.

GFR itself exhibits diurnal and day-to-day variability,22:23 although teasing apart analytical
from biological variability for a physiologic measure such as GFR is difficult. Two
individuals in this study had the highest CV,, values for all 4 filtration markers, suggesting
that the underlying GFR was the parameter that was changing, rather than reflecting
analytical variation in the measurement of the filtration marker. Although we excluded
participants on the basis of known factors that change GFR (such as adjustment of
antihypertensive or diuretic medication doses), we cannot account for other clinical variables
such as medication adherence or other nonrenal determinants of filtration markers that could
have led to the observed variability.

Our findings on albuminuria are also clinically relevant. An individual with a random spot
UACR of 200 mg/g, for example, might be expected to have repeat measurements as high as
448 mg/g or as low as 90mg/g, even in the absence of a change in clinical status. We found
that the highest variability in albuminuria was at the lower end of the distribution curve,
which is consistent with findings by Naresh et al,2 who estimated RCVs of 467% for
UACRs < 27 mg/g, 170% for UACRs of 27 to 265 mg/g, and 83% for UACRs > 265 mg/g.
Differences in the methodology to estimate CV,, values make it difficult to compare directly
our numeric results with those of Naresh et al. The CV,, values for random UACR of the 3
individuals with the highest degrees of albuminuria were 5.3% (mean UACR over 3
measurements, 4,151 mg/g), 23.0% (mean UACR, 2,962 mg/g), and 225% (mean UACR,
1,319 mg/g). The applicability of our findings for heavily proteinuric patients is limited
given the small numbers of such individuals we studied.

Thresholds for expected variability should be taken into account when monitoring patients
serially for changes in disease status such as nephrotic syndrome. Intensifying
immunosuppressive therapy or angiotensin blockade for proteinuric kidney disease, for
example, is sometimes done clinically on the basis of changes in albuminuria. Our findings
suggest that a doubling of albuminuria might be within the limits of normal biological
variability, which should be taken into account when making therapeutic decisions as
important therapeutic effects are also within this range. The other practical implications of
our findings on albuminuria relate to defining end points for clinical trials in proteinuric
kidney disease. The definition for partial remission in lupus nephritis, membranous
nephropathy, and other kidney diseases includes proteinuria or albuminuria reduction = 50%.
71,2526 some individuals with a 50% decline in albuminuria may not have a true
improvement in their clinical status and would be mis-classified as having a partial
remission simply due to expected biological variability. Similar considerations apply for the
cutoffs used to classify diabetic nephropathy. Progression (or regression) from one
albuminuria stage to the other can occur on the basis of simple biological variability, without
progression or remission of the underlying disease process. Again, as with any biological
marker, clinical context needs to be taken into consideration when evaluating the
significance of longitudinal changes. Repeat measurements can also increase confidence in

Am J Kidney Dis. Author manuscript; available in PMC 2019 October 01.
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the significance of changes in eGFR or albuminuria and have been recommended for
albuminuria assessments in clinical trials in diabetic nephropathy.2 In clinical trials, it is
also important to recognize that average effects in a group and their consequences can be
estimated much more reliably than effects in individual patients.

A number of factors can influence UAC and UACR and contribute to short-term within-
person variability. Urinary albumin and creatinine excretion both exhibit diurnal variability.
28 However, we did not find a significant difference in the CV,, values for random versus
first-morning void UACR, unlike the report by Witte et al,2® who reported CV,, values of
19.1% for first-morning and 35.8% for random UACR. Variability in albuminuria can also
come from variability in blood pressure (and hence filtration pressure across the glomerulus)
and short-term variability in other physiologic factors, such as glomerular permeability and
tubular functions of secretion, reabsorption, and catabolism.23:30-34 Variability in water
intake also influences the absolute UAC. By dividing UAC by urinary creatinine
concentration for UACR, the effects of dilution are minimized, and hence UACR would be
expected to have less within-person variability than UAC (neglecting the variability of
creatinine excretion and its covariance with albumin excretion). We found that random
UACR had significantly lower CVs than random UAC. Lower CVs with normalization to
urinary creatinine was also reported by Carter et al'3 for a number of urinary biomarkers.
Lower within-person variability from urinary normalization by creatinine is another reason
to use normalized rather than absolute concentrations of biomarkers such as albumin in
clinical practice and epidemiology studies.

The strengths of the present study include the simultaneous assessment of short-term within-
person variability of 4 plasma filtration markers and albuminuria in both first-morning and
random-void samples in a cohort of individuals with CKD.

There are several limitations, including a relatively small sample size with numerous causes
of CKD that may have limited the ability to detect differences in variability across markers
or across clinical conditions. We did not collect and measure albuminuria in 24-hour
samples, which could have lower within-person variability than spot samples.3> Our
estimates of variability may be conservative because samples were batch measured in a
single laboratory over a 2-day period, which could minimize technical variability compared
with clinical measurements that are performed on different days and potentially in different
laboratories. We did not measure urine total protein and also included few individuals with
severely increased albuminuria, which limits the generalizability of our results to individuals
with heavy or nephrotic-range proteinuria or alouminuria. We enrolled participants as a
convenience sample from individuals attending a CKD clinic and not in a research setting in
which clinical variables such as food and water intake, timing of sample collection, and
adherence to medications could be better controlled. We also report median CV values for
the entire cohort, but recognize that there may be disease-specific differences as has been
reported in lupus nephritis compared with other forms of CKD.36 Furthermore, individuals
may have their own individual degree of within-person variability, as has been suggested by
others for albuminuria and other biomarkers.16

Am J Kidney Dis. Author manuscript; available in PMC 2019 October 01.
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In conclusion, assessment of the clinical significance of changes in kidney disease markers
such as eGFR and albuminuria needs to take into account the expected within-person
variability of these measurements in CKD. For filtration markers for GFR estimation,
within-person variability appears to be low (CV,, < 10%), but sufficient to cause potential
false-positive designations of AKI in individuals with more advanced CKD. For
albuminuria, within-person variability may be substantial, and increases or decreases of 50%
in an individual patient should not be taken as sole evidence of disease progression or
remission without repeat testing and consideration of the clinical context.
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Figure 1.

Scatterplots of within-person coefficients of variation (CVs) for filtration markers
(creatinine, cystatin C, beta trace protein [BTP], and B,-microglobulin [B2M]) against mean
values for each marker. Two individuals (highlighted in red and blue circles) had high levels
of variability across all four makers.
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Table 1.

Demographic and Clinical Characteristics

CKD Cohort (N = 50)

Age, y 57.2+16.1
Female sex 22 (44%)
Black 16 (32%)
SBP, mm Hg 132.6 +18.9
Diabetes 17 (34%)
ACEi/ARB use 36 (72%)
Diuretic use 21 (42%)

CKD stage (GFR category)a

G1 (290 mL/min/1.73 m?) 3 (6%)

G2 (60-89 mL/min/1.73 m?) 4 (8%)

G3a (45-59 mL/min/1.73 m?) 9 (18%)

G3b (30-44 mL/min/1.73 m?) 16 (32%)

G4 (15-29 mL/min/1.73 m?) 10 (20%)

G5 (<15 mL/min/1.73 m?) 8 (16%)

CKD stage (albuminuria category)

Al (<30 mg/g) 17 (34%)
A2 (30-300 mg/g) 11 (22%)
A3 (>300 mg/g) 22 (44%)

Presumed cause of CKD

Diabetic nephropathy 16 (32%)
Vascular/HTN 14 (28%)
Lupus/glomerulonephritis 6 (12%)
Nephrectomy 5 (10%)
CAKUT/PKD 3 (6%)
CNI toxicity 2 (4%)

Idiopathic NS from MN, FSGS 2 (4%)

Lithium toxicity 1 (2%)

Unknown/otherb 7 (14%)

Note: Values for continuous variables given as mean + standard deviation; values for categorical variables given as count (percentage).

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CAKUT, congenital anomalies of the kidney
and urinary tract; CKD, chronic kidney disease; CNI, calcineurin inhibitor; FSGS, focal segmental glomerulosclerosis; GFR, glomerular filtration
rate; HTN, hypertension; MN, membranous nephropathy; NS, nephrotic syndrome; PKD, polycystic kidney disease; SBP, systolic blood pressure.

a., . - A . . ] .
Staging based on serum creatinine level, CKD Epidemiology Collaboration equation from the first sample collection.

Includes chronic interstitial nephritis, Alport disease, and chronic lithium toxicity.
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