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Rationale & Objective: Large differences between
estimated glomerular filtration rate (€GFR) based
on cystatin C (eGFRcys) and creatinine (eGFRcr)
occur commonly. A comprehensive evaluation of
factors that contribute to these differences is
needed to guide the interpretation of discrepant
eGFR values.

Study Design: Cohort study.

Setting & Participants: 468,969 participants in
the UK Biobank.

Exposures: Candidate sociodemographic, lifestyle
factors, comorbidities, medication usage, and
physical and laboratory predictors.

Outcomes: eGFRdiff, defined as eGFRcys minus
eGFRcr, categorized into 3 levels: lower eGFRcys
(eGFRdiff, less  than =15 mL/min/1.73 m?),
concordant eGFRcys and eGFRcr (eGFRdiff, =15
to <15 mL/min/1.73m?), and lower eGFRocr
(eGFRdiff, 215 mL/min/1.73 m?).

Analytical Approach: Multinomial logistic regres-
sion models were constructed to identify pre-
dictors of lower eGFRcys or lower eGFRcr. We
developed 2 prediction models comprising
375,175 participants: (1) a clinical model using
clinically available variables and (2) an enriched

model additionally including lifestyle variables. The
models were internally validated in an additional
93,794 participants.

Results: Mean t standard deviation of eGFRcys
was 88+ 16 mL/min/1.73 m?, and eGFRcr was
95 + 13 mL/min/1.73 m?; 25% and 5% of partici-
pants were in the lower eGFRcys and lower
eGFRcr groups, respectively. In the multivariable
enriched model, strong predictors of lower
eGFRcys were older age, male sex, South Asian
ethnicity, current smoker (vs never smoker), history
of thyroid dysfunction, chronic inflammatory dis-
ease, steroid use, higher waist circumference and
body fat, and wurinary albumin-creatinine
ratio >300 mg/g. Odds ratio estimates for these
predictors were largely inverse of those in the
lower eGFRcr group. The model’s area under the
curve was 0.75 in the validation set, with good
calibration (1.00).

Limitations: Limited generalizability.

Conclusions: This study highlights the multitude of
demographic, lifestyle, and health characteristics
that are associated with large eGFRdiff. The clin-
ical model may identify individuals who are likely to
have discrepant eGFR values and thus should be
prioritized for cystatin C testing.
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Recent national efforts to eliminate the use of race in
assessing kidney function have galvanized the
increased use of cystatin C." As clinicians begin to incor-
porate cystatin C into their practice, there is growing
recognition that estimated glomerular filtration rate
(eGFR) by cystatin C (eGFRcys) frequently differs sub-

stantially from eGFR by creatinine (eGFRcr) when
measured at the same time in the same individual.
Prior studies investigating populations with and

without chronic kidney disease (CKD) have found that
approximately 30% of individuals have eGFRcys and
eGFRcr values that differ substantially.”” Large eGFR dif-
ferences (eGFRdiff), defined by eGFRcys and eGFRcr
values that are discrepant by more than 15mL/min/
1.73m”, have strong prognostic implications.”” In-
dividuals in whom eGFRcys was substantially lower than
eGFRcr (eGFRdiff < —15 mL/min/1.73 m*) have higher
risks of adverse outcomes, including mortality, end-stage
kidney disease, hospitalizations, and cardiovascular
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disease (CVD) events compared to those with concordant
eGFR values.” ” These findings were evident across baseline
eGFR values. Conversely, those in whom eGFRcys was much
higher than eGFRcr (eGFRdiff> 15 mL/min/1.73 m?*) had
substantially lower risks of these outcomes.

Large intraindividual differences between eGFRcys and
eGFRcr likely occur when factors unrelated to kidney
function differentially influence cystatin C or creatinine
levels. Muscle mass, physical activity, meat consumption,
chronic illness, and medications inhibiting tubular creati-
nine secretion are non—glomerular filtration rate (non-
GFR) factors that affect serum creatinine levels, whereas
obesity, hypothyroidism, cigarette smoking, and steroid use
have been cited as non-GFR determinants of cystatin C. "
Because eGFR-based CKD identification and prognostication
are integral to its management, a comprehensive evaluation
of the non-GFR factors that differentially influence creati-
nine and cystatin C levels may inform the clinical inter-
pretation of discrepant eGFR values. Because health systems
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PLAIN-LANGUAGE SUMMARY

Estimated glomerular filtration rate (eGFR) based on
cystatin C and creatinine may differ substantially within
an individual. Although most clinicians are aware that
creatinine is influenced by muscle mass, there are
additional numerous lifestyle and health characteristics
that may affect
biomarker. Our analyses of 468,969 individuals in the
UK Biobank identified independent predictors of large
differences between eGFR based on cystatin C and eGFR
based on creatinine, which may inform the interpreta-
tion of discrepant eGFR values within an individual. We
developed models that may be implemented at a pop-
ulation level to help health systems identify individuals
who are likely to have large differences between eGFR
based on cystatin C and eGFR based on creatinine and
thus should be prioritized for cystatin C testing.

serum concentrations of either

seek to contain costs related to cystatin C testing, under-
standing these non-GFR factors could also identify patients
for whom cystatin C testing would more likely yield clini-
cally actionable decisions (ie, those with large eGFRdiff) and
thus be prioritized for cystatin C testing.

To address this knowledge and clinical gap, we lever-
aged comprehensive demographic, lifestyle, and clinical
data in the large, population-based UK Biobank cohort
both to identify characteristics that are independently
associated with large eGFRdiff, thus indicating the pres-
ence of non-GFR determinants of creatinine and/or cys-
tatin C, and to determine whether a clinically available
subset of these characteristics could discriminate the like-
lihood of a large eGFRdiff for an individual.

METHODS

Study Design and Population

The UK Biobank is a prospective cohort study of 502,460
adults aged 40-69 years enrolled between 2006 and 2010
from 22 assessment centers across the United Kingdom.'”
At the baseline study visit, participants underwent nurse-
led interviews and completed detailed questionnaires
about their medical history, medication use, sociodemo-
graphic factors, and lifestyle. Participants underwent a
range of physical assessments and provided blood and
urine samples at the baseline visit. The present study
included 468,969 participants who had both serum cys-
tatin C and creatinine measurements at baseline.

At recruitment, all participants were registered with a
general practitioner in the National Health Service and
consented to linkage of their medical records. The UK
Biobank study was approved by the North West Multi-
Centre Research Ethics Committee, and all participants
provided written informed consent. This research was

conducted under UK Biobank Application No. 69891 and
approved by the University of California, San Francisco
institutional review board. This study followed the
Strengthening the Reporting of Observational Studies in
Epidemiology reporting guideline and adhered to the
Declaration of Helsinki.

Outcomes
The outcome was eGFRdiff, defined as eGFRcys minus
eGFRcr, categorized into 3 levels: lower eGFRcys

(eGFRdiff < =15 mL/min/1.73 m®), concordant eGFRcys
and eGFRcr (eGFRdiff =15 to <15mL/min/1.73 mz),
and lower eGFRcr (eGFRdiff > 15 mL/min/1.73 m?*). We
chose to investigate predictors of absolute differences be-
tween eGFRcys and eGFRcr rather than relative differences
because absolute differences are more clinically intuitive.
Serum cystatin C and creatinine levels were measured at
baseline and applied to the 2012 CKD-EPI (Chronic Kidney
Disease Epidemiology Collaboration) equation to calculate
eGFRcys and to the 2021 CKD-EPI race-free equation to
calculate eGFRcr.'”'" Serum cystatin C levels were
measured using a latex-enhanced immunoturbidimetric
assay by Siemens on the Siemens Advia 1800 with an
interassay coefficient of variation of 1.1%.'” Serum creat-
inine levels were measured using an enzyme-based assay
by Beckman Coulter on the Beckman Coulter AU5800 with
a coefficient of variation of 2.0%.'® Details pertaining to
biomarker sampling, handling, and quality control have
been previously described. '’

Candidate Predictor Variables

Based on clinical experience and prior literature, we
considered candidate variables for these analyses that could
plausibly be related to large discrepancies between eGFR-
cys and eGFRcr." "' Candidate variables at the baseline
study visit were considered across a set of prespecified
domains: sociodemographic, lifestyle factors, comorbid-
ities, medication usage, and physical and laboratory mea-
sures. Age, sex, race or ethnicity, meat intake, physical
activity, smoking history, average household income, and
medication use were self-reported. Medical history was
obtained via self-report and International Classification of Diseases
Ninth Revision (ICD-9) and International Classification of Diseases,
Tenth Revision (ICD-10) codes. Blood and urine specimens
were collected according to study protocol.'® Candidate
laboratory predictors included: hemoglobin A,. (HbA,.),
serum albumin, blood urea nitrogen (BUN), calcium,
high-density lipoprotein (HDL), low-density lipoprotein,
triglycerides, C-reactive protein, phosphate, vitamin D,
hemoglobin, and urinary albumin-creatinine ratio.

Body composition, waist circumference, and grip
strength were measured by trained study personnel.'® Two
sets of systolic blood pressure (SBP) and diastolic blood
pressure measurements were obtained using an Omron
705 IT electronic blood pressure monitor and standardized
technique; the average of the 2 measurements was
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recorded as the baseline blood pressure.'” History of hy-
pertension was determined from self-report of prior
diagnosis, use of antihypertensive, average SBP > 140 mm
Hg, average diastolic blood pressure = 90 mm Hg, or ICD-
9 or ICD-10 codes indicating hypertension diagnosis prior
to baseline assessment. History of diabetes was determined
by self-report of prior diagnosis, use of medications for
diabetes, HbA,_. > 6.5% at enrollment, or ICD-9 or ICD-10
codes indicating diabetes diagnosis prior to baseline
assessment. CVD was defined by history of atherosclerotic
CVD, stroke, heart failure, or peripheral artery disease.
Presence of chronic inflammatory disease was defined as a
clinical diagnosis of rheumatoid arthritis, systemic lupus
erythematosus, or human immunodeficiency virus infec-
tion by self-report or ICD-9 or ICD-10 codes. Thyroid
disease included hypothyroidism or hyperthyroidism di-
agnoses by self-report or ICD-9 or ICD-10 codes.

The Townsend deprivation index score is a measure of
material deprivation within a population and is a com-
posite measure of unemployment, lack of car or home
ownership, and household overcrowding.ZO Meat intake
was defined by self-reported consumption of beef, lamb,
mutton, poultry, pork, fish, and processed meat. Physical
activity was assessed using adapted questions from the
validated International Physical Activity Questionnaire.”'
Time spent walking or performing moderate or vigorous
physical activity was weighted by the energy expenditure
for these categories of activity to produce metabolic
equivalent min/week of physical activity.

Statistical Analysis

Baseline characteristics were summarized by 3 eGFRdiff cat-
egories: lower eGFRcys (eGFRdiff <—15 mL/min/1.73 mz),
concordant eGFRcys and eGFRer (eGFRdiff —15 to < 15 mL/
min/1.73 m®), and lower eGFRcr (eGFRdiff > 15 mL/min/
1.73m?). These eGFRdiff cutoffs were chosen because
15mL/min/1.73 m*> corresponds to approximately 1-
standard deviation of baseline eGFRdiff, represents a clini-
cally meaningful difference in eGFR that distinguishes CKD
stages, and has been used in prior studies to categorize
eGFRdiff.”

Model Development

We selected 34 candidate variables a priori. Each contin-
uous predictor was standardized to the same scale (mean
0, SD 1). Thresholds for categorical variables were chosen
based on clinical relevance and distributions. All candidate
variables had <10% missingness except for physical activ-
ity (20%), phosphate (15%), HDL (15%), calcium (14%),
serum albumin (14%), and vitamin D (11%). Multiple
imputation with the Markov chain Monte Carlo method
for arbitrary missing multivariate normal data was used to
impute missing covariates with 10 imputations. The study
population was partitioned into 2 nonoverlapping cohorts,
with 375,175 (80%) participants for model training and
93,794 (20%) for model testing. We used Bayesian model
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averaging to identify parsimonious sets of risk factors that
were independently associated with eGFRdiff, using lo-
gistic regression models applied to the training data. The
Bayesian model averaging procedure was run separately
for the lower eGFRcys and lower eGFRer outcomes, each
time with the referent category of concordant eGFRdiff.
We combined estimates by averaging posterior probabili-
ties across the 10 imputed datasets and retained predictors
with posterior probabilities >35% for either lower eGFR-
cys and lower eGFRcr.””

Using the training cohort, we incorporated the inde-
pendent predictors that were identified using the
Bayesian model averaging procedure into a multinomial
logistic regression model to estimate the odds of an in-
dividual having lower eGFRcys and lower eGFRcr
compared to the concordant reference group. The
enriched model included age, sex, race or ethnicity, meat
intake, physical activity, smoking, grip strength, Town-
send deprivation index, average household income,
diabetes, hypertension, history of cancer, thyroid
dysfunction, chronic inflammatory disease, recent bone
fracture, waist circumference, percentage body fat, SBP,
HbA, ., serum albumin, BUN, calcium, HDL, low-density
lipoprotein, triglycerides, C-reactive protein, phosphate,
vitamin D, hemoglobin, urinary albumin-creatinine ra-
tio, steroid use, and trimethoprim use. HbA, ., C-reactive
protein, and Townsend deprivation index were log-
transformed to correct right skewed distributions. We
then performed a sensitivity analysis using the 2009
CKD-EPI eGFRcr equation to calculate eGFRdiff.

In addition to the enriched model described above, we
developed a nested, simplified clinical model that was
restricted to characteristics that are routinely available in
clinical practice: age, sex, race or ethnicity, smoking,
diabetes, hypertension, history of cancer, SBP, HbA,,,
BUN, calcium, HDL, low-density lipoprotein, tri-
glycerides, hemoglobin, and urinary albumin-creatinine
ratio. These predictors were also incorporated into a
multinomial logistic regression model to estimate the odds
of having a lower eGFRcys and lower eGFRcr, relative to
the concordant eGFRcys and eGFRcr group. Finally, we
repeated this model after excluding race or ethnicity as a
predictor variable.

Performance Metrics

In our testing cohort, we evaluated the performance of our
3 multivariable models: (1) clinical model; (2) clinical
model without race or ethnicity; and (3) enriched model.
We assessed model discrimination using C-statistics. Model
calibration was evaluated by calibration slopes and visual
inspection of calibration plots, comparing predicted and
observed probabilities of lower eGFRcys and lower
eGFRcr.

All tests were 2-tailed with a statistical significance level
of P<0.05. Bayesian model averaging was performed
using the BMA package for R, version 4.2.1 (R Foundation
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for Statistical Computing). All other analyses were con-
ducted using the SAS system, version 9.4 (SAS Institute,
Inc.).

RESULTS

Baseline Characteristics

Among 468,969 participants in the UK Biobank, the mean
age at enrollment was 56.5 years, and 46% (214,677)
were men. The race and ethnicity categories were
distributed as follows: 94.3% (442,005) White, 1.6%
(7,294) Black, 0.4% (1,699) East Asian or Southeast Asian,
1.7% (8,022) South Asian, and 2.1% (9,949) Other,
which includes participants who self-identified as ‘Mixed’,
‘Unknown’, or ‘Other’. At baseline, mean (standard de-
viation) of eGFRcys was 88 (16), eGFRcr was 95 (13), and
eGFRdiff was —6 (13) mL/min/1.73 m”. Approximately
70% of participants had concordant eGFRcys and eGFRcr;
25% (118,549) had lower eGFRcys, and 5% (23,758) had
lower eGFRcr (Table 1). Participants within the lower
eGFRcys group were older and had a more than 2-fold
prevalence of urinary albumin-creatinine ratio = 30 mg/g
compared with the lower eGFRcr eGFRdiff group. The
lower eGFRcys group also had a more than 3-fold preva-
lence of diabetes and current smoking and 2-fold preva-
lence of CVD compared with the lower eGFRcr group
(Table 1).

The proportion of participants with lower eGFRcys or
lower eGFRcr varied by self-identified race and ethnicity
(Fig 1). The prevalence of lower eGFRcys was 8% among
Blacks, 14% among East and Southeast Asians, 25% among
Whites, and 46% among South Asians; conversely, the
prevalences of lower eGFRcr among these respective racial
ethnic groups were 25%, 6%, 5%, and 2% (Fig 1,
Table S1).

Predictors of Lower eGFRcys

Demographic predictors of lower eGFRcys included older
age, male sex, and South Asian ethnicity. Participants who
were the least physically active were more likely to have
lower eGFRcys than the most physically active. Compared
with participants who never smoked, current smokers
were more likely to have lower eGFRcys. Lower socio-
economic status, estimated by higher Townsend depriva-
tion indices and by average household income, was
associated with lower eGFRcys (Table 2).

All comorbidities evaluated in our study were associated
with higher likelihood of lower eGFRcys. Steroid use was
associated with a nearly 2-fold likelihood of having a
lower eGFRcys, although fewer than 1% of the population
reported steroid use.

Anthropometric and physical examination predictors
of lower eGFRcys included larger waist circumference,
higher percentage body fat, and higher SBP. Laboratory
predictors of lower eGFRcys included higher low-density
lipoprotein cholesterol, triglycerides, calcium, phos-
phate, hemoglobin, and C-reactive protein; lower HDL

cholesterol and vitamin D; and worse categories of
albuminuria.

Predictors of Lower eGFRcr

Notably, Black participants had 7.3-fold odds relative to
Whites participants of having a lower eGFRcr. Higher
quantities of dietary meat intake and stronger grip strength
were predictors of lower eGFRcr. Trimethoprim use was
also strongly associated with lower eGFRcr, but only 0.1%
of the overall population reported use of trimethoprim-
containing medications. Laboratory predictors of lower
eGFRcr included higher HDL, BUN, and vitamin D levels
and better categories of albuminuria (Table 2).

Secondary Analyses

Associations of participant characteristics with eGFRdiff
category were generally similar between the clinical and
enriched models (Table 3). However, in the clinical model,
men were less likely than women to have lower eGFRcys.
Notably, men were more likely to have lower eGFRcys in a
model adjusted for demographic characteristics (odds ratio,
1.14; 95% confidence interval, 1.13-1.16) (Table S2), but
the addition of HDL and smoking in the clinical model
resulted in a lower likelihood of being in the lower eGFRcys
group (Table 3). Removal of race or ethnicity from our
clinical model minimally affected the associations of base-
line characteristics with eGFRdiff category (Table S3).

In the sensitivity analyses using the 2009 CKD-EPI eGFRcr
equation, all predictors in the enriched model retained
similar associations with lower eGFRcys and lower eGFRcr
categories, except for Black race. Among Black participants,
using the 2009 CKD-EPI equation, which includes a race
coefficient, to calculate eGFRdiff resulted in nearly 3 times
the prevalence of lower eGFRcys (23% vs 8%) and half the
prevalence of lower eGFRer (12% vs 25%) than when the
2021 CKD-EPI equation was used.

Model Performance

All 3 models—=clinical model, clinical model without race
or ethnicity, and the enriched model—were well-
calibrated (Table 4, Fig S1). The enriched model pro-
vided the best discrimination among the 3 models,
achieving a C-statistic of 0.752 for predicting both lower
eGFRcys and lower eGFRcr. The clinical model achieved
fair discrimination for lower eGFRcys (C-statistic 0.699)
and good discrimination for lower eGFRcr (C-statistic
0.723). The removal of race or ethnicity from the clinical
model minimally affected the discrimination for predicting
lower eGFRcys (difference in C-statistic of 0.005) but
decreased the C-statistic from 0.723 to 0.705 for predict-
ing lower eGFRcr.

DISCUSSION

In this large community-based population of 468,969
individuals, 30% had eGFRcys and eGFRcr values that
differed by at least 15 mL/min/1.73 m*. We identified
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Table 1. Baseline Characteristics by Category of Baseline eGFRdiff in the UK Biobank

Kidney Medicine

Baseline eGFRdiff (mL/min/1.73 m?)2f

<-15 -15to <15 =15
Variable Overall (Lower eGFRcys) (Concordant) (Lower eGFRcr)
N 468,969 118,549 (25.3) 326,662 (69.7) 23,758 (5.1)
Age (y) 56.5 (8.1) 58.4 (7.6) 56.1 (8.1) 53.1 (8.0)
Male sex (%) 214,677 (46) 57,966 (48.9) 146,840 (45.0) 9,871 (41.5)

Race/ethnicity (%)
White
Black
East Asian/Southeast Asian
South Asian
Other
Meat intake (%)
<1x per week
1 to 4% per week
25% per week
Physical activity, MET-min/week
(%)
Low (<600)
Moderate (600 to 3,000)
High (23,000)
Grip strength (kg)
Smoking (%)
Never
Previous
Current
Townsend deprivation index (IQR)
Average household income (%)

442,005 (94.3)
7,294 (1.6)

1,699 (0.4)
8,022 (1.7)
9,949 (2.1)
16,960 (3.6)

416,356 (88.9)
34,925 (7.5)

9,706 (2.6)
252,417 (66.6)
116,704 (30.8)
30.7 (11.0)

255,367 (54.5)
161,998 (34.6)
49,227 (10.5)
-2.2 (-3.7 to 0.5)

111,614 (94.2)
611 (0.5)

232 (0.2)
3,652 (3.1)
2,440 (2.1)

6,985 (5.9)
102,650 (86.7)
8,651 (7.3)

3,797 (4.1)
61,566 (67)
26,590 (28.9)
29.2 (11.1)

55,233 (46.7)
40,118 (33.9)
22,370 (18.9)
-1.7 (-3.4 to 1.4)

309,397 (94.7)
4,835 (1.5)
1,374 (0.4)
4,194 (1.3)
6,862 (2.1)
9,694 (3.0)
292597 (89.7)
23,947 (7.3)

5,558 (2.1)
177,904 (66.6)
83,539 (31.3)
31.1 (10.9)

185,282 (56.8)
114,311 (35.0)
25,618 (7.8)

-2.3 (-8.7 to 0.2)

20,994 (88.4)
1,848 (7.8)
93 (0.4)

176 (0.7)
647 (2.7)

281 (1.2)
21,109 (89.0)
2,327 (9.8)

351 (1.8)
12,947 (65.1)
6,575 (33.1)
33.0 (11.2)

14,852 (62.6)
7569 (31.9)
1,239 (6.2)

-2.3 (-8.7 to 0.4)

<18,000 91,092 (19.5) 31,955 (27.1) 56,139 (17.2) 2,998 (12.7)
18,000 to 30,999 101,876 (21.8) 27410 (23.3) 69,826 (21.4) 4,640 (19.6)
31,000 to 51,999 104,416 (22.4) 22,404 (19.0) 76,092 (23.4) 5,920 (25.0)
52,000 to 100,000 81,520 (17.4) 13,937 (11.8) 62,105 (19.1) 5,478 (23.1)
>100,000 21,696 (4.6) 2,801 (2.4) 17122 (5.3) 1,773 (7.5)
Diabetes (%) 28,129 (6.0) 11,199 (9.4) 16,195 (5.0) 735 (3.1)
Hypertension (%) 250,193 (53.3) 74,441 (62.8) 165,829 (50.8) 9,923 (41.8)
Cardiovascular disease (%)° 19,643 (4.2) 7,145 (6.0) 11,861 (3.6) 637 (2.7)
Cancer (%) 35,565 (7.6) 10,659 (9.0) 23,550 (7.2) 1,356 (5.7)
Thyroid dysfunction (%) 26,929 (5.7) 8,885 (7.5) 16,896 (5.2) 1,148 (4.8)
Chronic inflammatory disease (%) 7110 (1.5) 3,225 (2.7) 3,741 (1.1) 144 (0.6)
Fractured bone in last 5y (%) 44,351 (9.5) 12,526 (10.6) 29,879 (9.2) 1,946 (8.2)
Steroid use (%) 4,842 (1.0) 2,193 (1.8) 2,529 (0.8) 120 (0.5)
Trimethoprim use (%) 468 (0.1) 77 (0.1) 323 (0.1) 68 (0.3)
Waist circumference (cm) 90.3 (13.5) 95.7 (14.4) 88.7 (12.7) 85.8 (11.6)
Body fat (%) 31.4 (8.5) 33.7 (9.0) 30.7 (8.2) 29.3 (7.9)
Systolic blood pressure (mm Hg) 138 (19) 140 (19) 137 (19) 134 (18)
Diastolic blood pressure (mm Hg) 82 (10) 83 (10) 82 (10) 80 (10)
Hemoglobin Alc (%) 5.4 (5.2 to 5.6) 5.5 (5.2 t0 5.7) 5.4 (5.1 to 5.6) 5.3 (5.1 to 5.5)
Albumin (g/dL) 4.5 (0.3) 4.5 (0.3) 4.5 (0.3) 4.6 (0.3)
Blood urea nitrogen (mg/dL) 32 (8) 32 (8) 32 (9) 34 (8)
Calcium (mg/dL) 9.5 (0.4) 9.5 (0.4) 9.5 (0.4) 9.5 (0.4)
High-density lipoprotein (mg/dL) 56 (15) 52 (14) 57 (15) 60 (15)
Low-density lipoprotein (mg/dL) 138 (34) 139 (35) 137 (33) 133 (32)
Triglycerides (mg/dL) 68 (40) 78 (43) 64 (38) 59 (35)
C-reactive protein (mg/L) (IQR) 1.3 (0.7 to 2.8) 2.1 (1.0 to 4.2) 1.2 (0.6 to 2.4) 0.9 (0.5 to 1.8)
Phosphate (mg/dL) 3.6 (0.5) 3.6 (0.5) 3.6 (0.5) 3.6 (0.5)
(Continued)
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Table 1 (Cont'd). Baseline Characteristics by Category of Baseline eGFRdiff in the UK Biobank

Baseline eGFRdiff (mL/min/1.73 m?)2°

<-15 -15 to <15 215
Variable Overall (Lower eGFRcys) (Concordant) (Lower eGFRcr)
Vitamin D (ng/mL) 19 (8) 18 (8) 20 (8) 20 (9)
Hemoglobin (g/dL) 14.2 (1.3) 14.3 (1.3) 14.1 (1.2) 13.9 (1.2)

UACR, (mg/g) (%)

<30 434,640 (95.4) 107,182 (93.6) 304,873 (95.9) 22,585 (97.6)

30 to 300 19,094 (4.2) 6,627 (5.8) 11,940 (3.8) 527 (2.3)

>300 1,865 (0.4) 725 (0.6) 1,103 (0.3) 37 (0.2)
eGFRcr (mL/min/1.73 m?) 94.7 (13.2) 97.2 (10.4) 94.8 (13.5) 79.8 (11.7)
eGFRcys (mL/min/1.73 m?) 88.25 (16.21) 73.9 (11.7) 92.5 (14.6) 102.1 (11.0)
eGFRdiff (mL/min/1.73 m?) -6.40 (13.36) -23.3 (7.0) -2.3 (74) 22.3 (6.9)

Abbreviations: eGFRcr, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate; eGFRdiff, estimated
glomerular filtration rate difference; IQR, interquartile range; MET, metabolic equivalent; UACR, urinary albumin-creatinine ratio.

2Continuous variables are summarized as mean + SD and categorical variables as count and percentage.

PThe lower eGFRcys category comprised individuals with eGFRcys lower than eGFRcr. The lower eGFRcr category comprised individuals eGFRcr lower than
eGFRcys.

®Atherosclerotic cardiovascular disease or heart failure.

multiple predictors of large eGFRdiff pertaining to de-
mographics, lifestyle, socioeconomic status, comorbid-
ities, medication usage, and physical and laboratory
measures. Notable predictors of lower eGFRcys (ie,
eGFRcys lower than eGFRcr by at least 15 mL/min/
1.73 m”) included older age, male sex, South Asian
ethnicity, lower meat intake and physical activity, cur-
rent smoking, higher comorbidity burden, steroid use,
larger waist circumference and percentage body fat, and
higher degrees of albuminuria. Predictors of lower

eGFRcr (ie, eGFRcr lower than eGFRcys by at least
15 mL/min/1.73 mz) included Black race, more
frequent meat intake, stronger grip strength, trimetho-
prim use, and higher BUN. As the use of cystatin C in-
creases, identification of these epidemiologic predictors
may help clinicians interpret wide discrepancies between
eGFRcys and eGFRcr within an individual patient.
Moreover, predicting which patients are likely to have
large eGFRdiff will help cost-conscious health systems
determine which individuals could benefit from more

eGFRdiff . Lower eGFRcys |:| Concordant |:| Lower eGFRcr
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Race or Ethnicity

Figure 1. Prevalence of eGFRdiff category by race or ethnicity. Abbreviations: EAsian, East Asian; eGFRcr, creatinine-based esti-
mated glomerular filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate; e GFRdiff, estimated glomerular filtra-
tion rate difference; SEAsian, Southeast Asian.
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Table 2. Multivariable-Adjusted Associations of Sociodemographic, Lifestyle, and Clinical Characteristics With e GFRdiff Category
in the UK Biobank (Enriched Model)

Multivariable-adjusted Model®

Lower eGFRcr vs Concordant
Category

Lower eGFRcys vs
Concordant Category

Prevalence
Predictor? N (%) OR (95% CI) P Value OR (95% CI) P Value
Demographics
Age 1.26 (1.25-1.27) <0.001 0.73 (0.72-0.75) <0.001
Sex
Female 254,292 (54.2) Ref Ref
Male 214,677 (45.7) 1.75 (1.67-1.84) <0.001 0.37 (0.34-0.40) <0.001
Race/ethnicity
White 442,005 (94.3) Ref Ref
Black 7,294 (1.6) 0.24 (0.22-0.26) <0.001 7.32 (6.80-7.89) <0.001
East Asian/Southeast 1,699 (0.4) 0.70 (0.59-0.83) <0.001 0.85 (0.67-1.08) 0.18
Asian
South Asian 8,022 (1.7) 1.59 (1.50-1.68) <0.001 0.86 (0.72-1.03) 0.10
Other 9,949 (2.1) 0.81 (0.76-0.85) <0.001 1.53 (1.39-1.68) <0.001
Lifestyle/socioeconomic
Meat intake, per week
<1 time 16,960 (3.6) Ref Ref
1-4 times 416,356 (88.9) 0.38 (0.36-0.39) <0.001 2.69 (2.34-3.09) <0.001
=5 times 34,925 (7.5) 0.35 (0.33-0.37) <0.001 3.22 (2.78-3.73) <0.001
Physical activity, MET-min/week
Low (<600) 9,706 (2.6) 1.13 (1.07-1.19) <0.001 1.00 (0.88-1.13) 0.99
Moderate (600-3,000) 252,417 (66.6) 0.96 (0.94-0.98) <0.001 1.01 (0.98-1.05) 0.53
High (=3,000) 116,704 (30.8) Ref Ref
Smoking
Never 255,367 (54.5) Ref Ref
Previous 161,998 (34.6) 0.97 (0.95-0.99) 0.001 0.96 (0.93-0.99) 0.02
Current 49,227 (10.5) 2.79 (2.72-2.87) <0.001 0.58 (0.54-0.63) <0.001
Grrip strength 0.74 (0.73-0.75) <0.001 1.46 (1.42-1.50) <0.001
Townsend deprivation index 1.10 (1.09-1.11) <0.001 0.98 (0.97-1.00) 0.06
Average household <0.001
income, pounds
<18,000 91,092 (19.5) 1.14 (1.11-1.17) <0.001 0.88 (0.83-0.93) 0.56
18,000-30,999 101,876 (21.8) 1.04 (1.01-1.06) 0.005 0.99 (0.94-1.04) 0.97
31,000-51,999 104,416 (22.4) 0.95 (0.92-0.97) <0.001 1.00 (0.95-1.05) 0.32
52,000-100,000 81,520 (17.4) 0.84 (0.82-0.87) <0.001 1.02 (0.98-1.07) 0.063
>100,000 21,696 (4.6) Ref Ref
Comorbidities/medications
Diabetes 28,129 (6.0) 1.09 (1.05-1.14) <0.001 0.76 (0.67-0.85) <0.001
Hypertension 250,193 (53.3) 1.08 (1.06-1.11) <0.001 0.95 (0.91-0.99) 0.024
Cancer 35,565 (7.6) 1.12 (1.09-1.16) <0.001 0.93 (0.87-0.99) 0.021
Thyroid dysfunction 26,929 (5.7) 1.22 (1.18-1.26) <0.001 1.05 (0.98-1.13) 0.19
Chronic inflammatory disease 7110 (1.5) 1.56 (1.47-1.66) <0.001 0.60 (0.49-0.73) <0.001
Fractured bone in last 5 y 44,351 (9.5) 1.10 (1.07-1.13) <0.001 0.92 (0.87-0.97) 0.003
Steroid use 4,842 (1.0) 1.93 (1.80-2.08) <0.001 0.62 (0.50-0.77) <0.001
Trimethoprim use 468 (0.1) 0.43 (0.32-0.59) <0.001 3.70 (2.72-5.04) <0.001
Physical/laboratory measures
Wiaist circumference 1.31 (1.29-1.33) <0.001 0.97 (0.94-1.00) 0.070
Body fat % 1.33 (1.31-1.36) <0.001 0.77 (0.74-0.79) <0.001
SBP 1.02 (1.01-1.03) 0.001 0.98 (0.96-1.00) 0.10
HbA;, 0.95 (0.94-0.97) <0.001 0.98 (0.96-1.01) 0.18
Albumin 0.85 (0.84-0.86) <0.001 1.00 (0.98-1.02) 0.92
BUN 0.91 (0.91-0.92) <0.001 1.43 (1.41-1.45) <0.001
Calcium 1.11 (1.10-1.12) <0.001 1.01 (0.99-1.03) 0.26
(Continued)
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Table 2 (Cont'd). Multivariable-Adjusted Associations of Sociodemographic, Lifestyle, and Clinical Characteristics With eGFRdiff

Category in the UK Biobank (Enriched Model)

Multivariable-adjusted Model®

Lower eGFRcys vs
Concordant Category

Lower eGFRcr vs Concordant
Category

Prevalence
Predictor® N (%) OR (95% CI) P Value OR (95% CI) P Value

HDL 0.80 (0.79-0.80) <0.001 1.12 (1.10-1.15) <0.001
LDL 1.06 (1.05-1.07) <0.001 0.91 (0.90-0.93) <0.001
Triglycerides 1.05 (1.04-1.06) <0.001 1.06 (1.04-1.08) <0.001
C-reactive protein 1.15 (1.14-1.16) <0.001 0.91 (0.89-0.94) <0.001
Phosphate 1.10 (1.10-1.11) <0.001 1.01 (0.99-1.03) 0.35
Vitamin D 0.93 (0.92-0.94) <0.001 1.07 (1.05-1.09) <0.001
Hemoglobin 1.13 (1.12-1.14) <0.001 0.95 (0.93-0.97) <0.001
UACR

<30 434,640 (95.4) Ref Ref

30-300 19,094 (4.2) 1.13 (1.08-1.17) <0.001 0.59 (0.53-0.66) <0.001

>300 1,865 (0.4) 1.20 (1.07-1.35) 0.002 0.12 (0.07-0.19) <0.001

Abbreviations: BUN, blood urea nitrogen; Cl, confidence interval; eGFRcr, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based estimated
glomerular filtration rate; HbA1¢, hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MET, metabolic equivalent; OR, odds ratio; Ref,

reference; SBP, systolic blood pressure; UACR, urinary albumin-creatinine ratio.

aContinuous variables, which are listed in Table 1, are scaled per standard deviation.
BMultinomial logistic regression model adjusted for all predictors listed in Table 2. The lower eGFRcys category comprised individuals with eGFRdiff < —15, the
concordant category served as the reference and comprised individuals with eGFRdiff between =15 and 15, and the lower eGFRcr category comprised individuals

with eGFRdiff 2 15.

comprehensive evaluation of eGFR through cystatin C
testing.

Prior studies have identified non-GFR factors, such as
muscle mass or adiposity, that impact serum levels of
cystatin C or creatinine independent of measured GFR.”
However, these studies reported the associations of sin-
gle non-GFR factors with creatinine or cystatin C after
minimal multivariable adjustment. Because numerous,
potentially inter-correlated non-GFR determinants may
impact an individual’s eGFR values, simultaneous evalua-
tion of multiple non-GFR factors through multivariable
adjustment is imperative for identifying independent
epidemiologic associations. As cystatin C use increases and
measured GFR remains unobtainable in routine clinical
practice, large eGFRdiff will become a common clinical
sign indicating the presence of non-GFR determinants that
deserve clinical consideration. For patients with large
eGFRdiff, providers should consider the specific non-GFR
determinants in that individual patient that may explain
the observed eGFRdiff and may thus inform which eGFR
value is more likely to reflect true GFR. To our knowledge,
this is the first study to identify predictors of large eGFRdiff
in a sizable population, including individuals from diverse
racial and ethnic backgrounds.

The profound differences in distribution of eGFRdiff by
self-identified race and ethnicity in our study highlight the
complexities inherent to using creatinine to estimate GFR
among diverse populations. Prior studies have shown in-
dependent associations between Black race or African
ancestry and serum creatinine levels, even after accounting
for other non-GFR determinants of creatinine that correlate
with race or genetic ancestry.”’ In contrast, estimation of
kidney function with cystatin C was not altered or

3

improved by including information regarding race.”
Although prior eGFR studies have identified Black race as
a non-GFR determinant of serum creatinine, our study
highlights that issues pertaining to race and creatinine also
apply to other non-White populations. We found that mean
eGFRdiff in the UK Biobank population ranged widely
across racial and ethnic groups from —13 mL/min/1.73 m*
among South Asian participants to 5 mL/min/1.73 m”
among Black participants. Compared with self-identified
White participants, South Asian participants had nearly
double the prevalence of lower eGFRcys, and Black partic-
ipants had 5 times the prevalence of lower eGFRcr. Taken
together with prior evidence of the incompletely under-
stood associations between race and serum creatinine, our
findings underscore the necessity of using cystatin C to
assess kidney function among diverse populations. Addi-
tionally, these findings have strong implications for the
diagnosis of CKD among traditionally understudied and
high-risk groups, such as the South Asian population.”**”
Large eGFRdiff conveys important prognostic informa-
tion regarding risk for adverse clinical outcomes.” >***/
Compared with individuals with concordant eGFRcys and
eGFRcr, persons with lower eGFRcys have higher risks of
mortality, kidney failure, hospitalizations, and CVD events;
persons with lower eGFRcr have lower risks of these
outcomes.” ”*® Given the high prevalence and prognostic
importance of large eGFRdiff, both cystatin C and creati-
nine should be measured when providers seek to evaluate
eGFR. Although health systems increasingly recognize that
measuring cystatin C can inform CKD staging and prog-
nostication, medication dosing, and kidney replacement
therapy planning for individual patients, the higher cost of
cystatin C relative to creatinine remains a challenge on a
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Table 3. Multivariable-Adjusted Associations of Demographic and Clinical Characteristics that are Available in Routine Clinical
Practice With eGFRdiff Category in the UK Biobank (Clinical Model)

Multivariable-adjusted Model®

Lower eGFRcys vs Concordant

Lower eGFRcr vs Concordant

Category Category
Predictor OR (95% CI) P Value OR (95% CI) P Value
Demographics
Age 1.40 (1.39-1.41) <0.001 0.67 (0.66-0.68) <0.001
Sex
Female Ref Ref
Male 0.70 (0.68-0.71) <0.001 1.02 (0.98-1.06) 0.33
Race/ethnicity
White Ref Ref
Black 0.36 (0.33-0.40) <0.001 5.88 (5.50-6.29) <0.001
East Asian/Southeast Asian 0.53 (0.45-0.62) <0.001 0.88 (0.69-1.11) 0.27
South Asian 2.44 (2.31-2.57) <0.001 0.60 (0.50-0.71) <0.001
Other 1.00 (0.94-1.05) 0.91 1.32 (1.20-1.45) <0.001
Lifestyle
Smoking
Never Ref Ref
Previous 1.07 (1.05-1.08) <0.001 0.94 (0.91-0.97) <0.001
Current 2.95 (2.88-3.02) <0.001 0.60 (0.56-0.64) <0.001
Comorbidities
Diabetes 1.23 (1.18-1.28) <0.001 0.68 (0.61-0.76) <0.001
Hypertension 1.32 (1.29-1.35) <0.001 0.87 (0.84-0.91) <0.001
Cancer 1.14 (1.11-1.18) <0.001 0.91 (0.85-0.97) 0.005
Physical/laboratory measures
SBP 0.98 (0.97-0.99) 0.001 0.99 (0.97-1.01) 0.314
HbA,. 1.04 (1.03-1.05) <0.001 0.95 (0.93-0.97) <0.001
BUN 0.92 (0.91-0.93) <0.001 1.42 (1.40-1.44) <0.001
Calcium 1.01 (1.01-1.02) 0.001 1.02 (1.01-1.04) 0.005
HDL 0.68 (0.67-0.68) <0.001 1.19 (1.17-1.21) <0.001
LDL 1.06 (1.05-1.07) <0.001 0.89 (0.88-0.91) <0.001
Triglycerides 1.12 (1.11-1.13) <0.001 1.00 (0.98-1.02) 0.91
Hemoglobin 1.09 (1.08-1.10) <0.001 0.96 (0.94-0.98) <0.001
UACR, mg/g
<30 Ref Ref
30-300 1.24 (1.19-1.28) <0.001 0.56 (0.50-0.62) <0.001
>300 1.53 (1.36-1.71) <0.001 0.10 (0.07-0.16) <0.001

Abbreviations: BUN, blood urea nitrogen; Cl, confidence interval; eGFRcr, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based estimated
glomerular filtration rate; HbA+, hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein; OR, odds ratio; Ref, reference; SBP, systolic blood

pressure; UACR, urinary albumin-creatinine ratio.

#Multinomial logistic regression model adjusted for all predictors listed in Table 2. The lower eGFRcys category comprised individuals with eGFRdiff < —=15, the
concordant category served as the reference and comprised individuals with eGFRdiff between —15 and 15, and the lower eGFRcr category comprised individuals

with eGFRdiff 2 15.

population level. To address this, we developed and
internally validated a clinical prediction model incorpo-
rating variables that are readily available in routine clinical
practice in addition to an enriched prediction model
including a more comprehensive set of variables. Our
prediction models achieved good discrimination and
excellent calibration; they may eventually be implemented
by health systems to automate the systematic identification
of individuals who may have large eGFRdiff and for whom
eGFR assessment by creatinine alone may be inadequate.
Among the relatively healthy ambulatory cohorts
comprising the CKD-EPI Consortium, the combined eGFR
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equation (eGFRcr-cys) provided the most accurate esti-
mate of GFR,"'" even among subgroups with large
eGFRdiff characterized by either lower eGFRcys or lower
eGFRcr.”® The superior accuracy of eGFRcr-cys stems
from incorporation of both creatinine and cystatin C,
which at the population level, balances out the effect of
non-GFR determinants on each of these biomarkers.
However, large eGFRdiff at an individual level indicates a
pronounced imbalance in the non-GFR determinants of
creatinine and cystatin C that are informative for that
individual patient’s prognosis. Moreover, indiscriminate
use of eGFRcr-cys among persons with large eGFRdiff
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Table 4. Performance Characteristics of eGFRdiff Prediction Models Developed in the UK Biobank

Clinical Model Without

Clinical Model®

Race or Ethnicity®

Enriched Model®

Lower eGFRcys category
Training dataset
C-statistic (95% ClI)
P value®
Calibration slope (95% ClI)
P value®
Testing dataset
C-statistic (95% ClI)
P value®
Calibration slope (95% ClI)
P value®
Lower eGFRcr category
Training dataset
C-statistic (95% CI)
P value®
Calibration slope (95% ClI)
P value®
Testing dataset
C-statistic (95% CI)
P value®
Calibration slope (95% ClI)
P value®

0.697 (0.695-0.699)
<0.0001

1.005 (0.980-1.030)
0.99

0.699 (0.695-0.703)
<0.0001

1.011 (0.988-1.035)
0.29

0.717 (0.713-0.721)
<0.0001

1.043 (1.018-1.067)
0.41

0.723 (0.716-0.731)
<0.0001

1.092 (1.045-1.140)
0.057

0.691 (0.689-0.693)
<0.0001

1.003 (0.972-1.035)
0.91

0.694 (0.690-0.697)
<0.0001

1.005 (0.974-1.035)
0.55

0.698 (0.694-0.702)
<0.0001

1.040 (1.014-1.066)
0.52

0.705 (0.697-0.712)
<0.0001

1.076 (1.013-1.140)
0.25

0.753 (0.751-0.755)
Ref
1.005 (0.979-1.032)
Ref

0.752 (0.749-0.756)
Ref
0.994 (0.968-1.020)
Ref

0.748 (0.745-0.752)
Ref
1.029 (1.003-1.055)
Ref

0.752 (0.746-0.759)
Ref
1.040 (1.004-1.076)
Ref

Abbreviations: Cl, confidence interval; eGFRcr, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate;

Ref, reference.

#Model included age, sex, race or ethnicity, smoking, diabetes, hypertension, cancer, systolic blood pressure, hemoglobin A1c, blood urea nitrogen, calcium, high-
density lipoprotein, low-density lipoprotein, triglycerides, hemoglobin, and urinary albumin-creatinine ratio.

®Model included age, sex, smoking, diabetes, hypertension, cancer, systolic blood pressure, hemoglobin A1c, blood urea nitrogen, calcium, high-density lipoprotein,
low-density lipoprotein, triglycerides, hemoglobin, and urinary albumin-creatinine ratio.

°Model included age, sex, race or ethnicity, meat intake, physical activity, grip strength, smoking, Townsend deprivation index, average household income, diabetes,
hypertension, cancer, thyroid dysfunction, chronic inflammatory disease, fractured bone in last 5 years, steroid use, and trimethoprim use, waist circumference, body
fat, systolic blood pressure, hemoglobin A1c, albumin, blood urea nitrogen, calcium, high-density lipoprotein, low-density lipoprotein, triglycerides, C-reactive protein,

phosphate, vitamin D, hemoglobin, urinary albumin-creatinine ratio.
9P val ing C-statisti f clinical model h iched model
value comparing C-statistics of clinical models to the enriched model.

°P value comparing calibration slopes of clinical models to that of the enriched model.

may not always provide the most accurate estimate of
kidney function among patients who are elderly or those
with the most severe comorbidities.”” Future in-
vestigations with gold standard GFR measurements are
needed to evaluate the performance of the GFR estimating
equations among sicker patient populations who were not
well-represented in the populations used to derive the
eGFR equations.

Our study has several strengths. We included nearly half
a million individuals with comprehensive assessment of
medical history, medication usage, physical and laboratory
measurements, lifestyle, and socioeconomic status. Our
study included sizable South Asian and East Asian/South-
east Asian subpopulations, who are underrepresented in
prior CKD epidemiological studies. All study participants
had standardized measurements of creatinine and cystatin
C. We also acknowledge important limitations. First,
because GFR was not measured, we cannot determine
whether creatinine or cystatin C was the source of bias in
the setting of large eGFRdiff. Similarly, providers
encountering individuals with large eGFRdiff values in the
clinical setting will seek to understand the reasons for

10

these observed differences and will unlikely have access to
measured GFR. Thus, we chose to focus on identifying
factors that may explain large intraindividual discrepancies
between eGFRcys and eGFRcr. On the health systems level,
the key is to identify individuals who are likely to have a
large eGFRdiff and thus should be prioritized for cystatin C
testing. Once cystatin C testing is completed, all eGFR
equations would be available for clinical use, and
measured GFR could also be pursued in the settings where
it is available. Second, UK Biobank participants are
generally younger, healthier, and have lower mortality
rates than the general population, which may result in
“healthy volunteer” selection bias and thus limit general-
izability of our results.’” We anticipate that the predictors
of lower eGFRcys identified in our study may play a more
prominent role among older individuals with higher co-
morbidity burden. Third, although our prediction models
achieved good discrimination and calibration, external
validation is required. Fourth, we highlight the wide
variability in prevalence of large eGFRdiff by race or
ethnicity, but we also acknowledge that our results may
not generalize to all racial and ethnic groups.
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In this large, population-based cohort, a multitude of
predictors pertaining to demographics, lifestyle, and clin-
ical measures and characteristics were associated with large
intraindividual differences between eGFRcys and eGFRcr.
Knowledge of these predictors may facilitate interpretation
of discrepant eGFR values on the individual level. A pre-
diction model based on clinically available data was
derived and validated to predict likelihood of large
eGFRdiff and may be implemented in the future by health
systems in need of a systematic approach to prioritize
patients for cystatin C testing. Future research is needed to
understand how best to use knowledge of non-GFR de-
terminants to tailor GFR estimation to individual patients.
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