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Abstract

Background

Chronic kidney disease is an important concern in preventive medicine, but the rate of de-
cline in renal function in healthy population is not well defined. The purpose of this study
was to determine reference values for the estimated glomerular filtration rate (¢eGFR) and
rate of decline of eGFR in healthy subjects and to evaluate factors associated with this de-
cline using a large cohortin Japan.

Methods

Retrospective cross-sectional and longitudinal studies were performed with healthy sub-
jects aged >18 years old who received a medical checkup. Reference values for eGFR
were obtained using a nonparametric method and those for decline of eGFR were calculat-
ed by mixed model analysis. Relationships of eGFR decline rate with baseline variables
were examined using a linear least-squares method.

Results

In the cross-sectional study, reference values for eGFR were obtained by gender and age

in 72,521 healthy subjects. The mean (+SD) eGFR was 83.7+14.7ml/min/1.73m?. In the lon-
gitudinal study, reference values for eGFR decline rate were obtained by gender, age, and
renal stage in 45,586 healthy subjects. In the same renal stage, there was little difference in
the rate of decline regardless of age. The decline in eGFR depended on the renal stage and
was strongly related to baseline eGFR, with a faster decline with a higher baseline eGFR
and a slower decline with a lower baseline eGFR. The mean (+SD) eGFR decline rate was
1.07%0.42ml/min/1.73m?/year ( 1.29+0.41%/year) in subjects with a mean eGFR of 81.5
+11.6ml/min/1.73m?.
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Conclusions

The present study clarified for the first time the reference values for the rate of eGFR decline
stratified by gender, age, and renal stage in healthy subjects. The rate of eGFR decline de-
pended mainly on baseline eGFR, but not on age, with a slower decline with a lower base-
line eGFR.

Introduction

The number of patients with chronic kidney disease (CKD) has shown a continuous increase
and renal impairment increases the risk of death and cardiovascular diseases [1,2]. Preventive
measures for CKD have been promoted, including publication of the new Kidney Disease Im-
proving Global Outcomes (KDIGO) CKD classification in 2011, in which it was proposed that
the stage of renal function and level of proteinuria are predictive factors for subsequent renal
function and prognosis, and that the risk is reflected by the color intensity in a heat map [3]. A
faster rate of decline of renal function may cause death and has an increased risk of cardiovas-
cular diseases [4-7]. This rate of decline may be a predictive factor [8] and has also been used
as a criterion for evaluating the efficacy of renoprotective agents. In addition to increases in the
serum creatinine level of 1.5- and 2-fold, a 40% or 30% decline in the estimated glomerular
filtration rate (eGFR) from baseline have recently been proposed as new surrogate endpoints
[9-11].

Renal impairment occurs with age. Therefore, both disease and aging affect renal function
and it is useful to understand the change of renal function in aging process [12,13]. In a cross-
sectional study in Japan, Okada et al. used the age- and gender-specific 5th and 95th percentiles
for eGFR in healthy subjects to define the range of prediabetes mellitus and prehypertension
[14]. In a longitudinal study, Imai et al. examined eGFR decline in healthy subjects and patients
with hypertension and/or proteinuria [15]. However, the detailed eGFR distribution and rate
of eGFR decline in healthy subjects have yet to be clarified.

The current work includes a cross-sectional study to determine reference values for eGFR
stratified by gender and age group; and a longitudinal study of reference values for eGFR de-
cline rate stratified by gender, age and renal stage in healthy subjects using a large Japanese co-
hort. Factors related to the rate of eGFR decline were also examined.

Methods
Data Collection

Retrospective cross-sectional and longitudinal studies were performed in people aged >18
years old who received a medical checkup at The Center for Preventive Medicine, St. Luke’s Af-
filiated Clinic, from January 2004 to December 2012. The study was conducted using a linkable
anonymous dataset. No informed consent was obtained. The study protocol and consent pro-
cedure were approved by the ethics committee of St. Luke’s International University (Number:
12-R123). People who requested that their personal information should not be used when they
received a medical checkup were excluded at the time the medical records were extracted. In-
formation including medical history and examination data was extracted from electronic medi-
cal records. People without any diseases at baseline were defined as healthy subjects according
to the flow diagram (Fig 1) described below [16].
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Fig 1. Flow diagram of healthy subjects. Persons without any diseases were defined as healthy subjects. There were 72,521 subjects in the cross-sectional
study. In the longitudinal study, eGFR decline rate was evaluated in 45,586 subjects and relationships between eGFR decline rate and 15 baseline factors were

evaluated in 43,438 subjects. SAfter the second medical checkup, there was no subject who received renal transplantation. All data corresponding to the

particular medical checkup were excluded for subjects diagnosed with hyperthyroidism or hypothyroidism based on blood tests or those without urinalysis or
blood pressure measurements in a second or later medical checkup, and *the numbers of subjects for whom data were not included in each checkup were 567
(2", 389(3™%), 277(4™), 216(5™), 153(6™), 99(7™), 64(8"M), 37(9™), 5(10™), and 1(12™).

doi:10.1371/journal.pone.0129036.g001

Flow Diagram

The goal of the study was to evaluate renal function in healthy Japanese subjects, and therefore
the following individuals were excluded: 1) non-Japanese people identified by nationality and
name; 2) those who were on dialysis or had undergone renal transplantation or nephrectomy
(including lateral nephrectomy, donor nephrectomy, and partial nephrectomy), or those with a
history of renal hypoplasia confirmed in medical records or abdominal echo findings at medi-
cal checkup; 3) those with the diseases listed in Table 1; 4) those with gait disturbance (who
used crutches, a wheelchair, or a walking device due to neurological, muscular, or bone lesions),
severe visual impairment, or severe cognitive impairment; 5) those diagnosed with hyperthy-
roidism (TSH <0.1 pU/ml and T4 >1.64 ng/dl) or hypothyroidism (TSH >6.0 uU/ml and
fT4 <1.00 ng/dl) based on blood tests at the medical checkup; 6) those with diabetes mellitus
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Table 1. List of excluded diseases.

Malignant disease

esophageal cancer
stomach cancer
colon cancer
liver cancer
lung cancer
breast cancer
cervical cancer
uterine cancer
ovarian tumor
prostate cancer
brain tumor
other cancer

doi:10.1371/journal.pone.0129036.t001

Benign disease

tuberculosis,pleuritis
atypical mycobacterial disease
chronic hepatitis B

chronic hepatitis C

blood disease except anemia
hypothyroidism
hyperthyroidism

thyroid disease

Parkinson's disease

valvular disease

chronic bronchitis
pulmonary emphysema
chronic obstructive pulmonary disease
bronchiectasis

interstitial pneumonia
pulmonary fibrosis

Crohn's disease

ulcerative colitis

liver cirrhosis

chronic pancreatitis
collagen disease

kidney stone

ureteral stone

ventricular septal defect
atrial septal defect

or impaired glucose tolerance (receiving drug therapy based on interview, HbA1c (Japan Diabe-
tes Society) >6.1%, or fasting blood glucose >126 mg/dl in blood tests at the medical checkup);
7) those diagnosed with hypertension (receiving drug therapy based on interview, systolic blood
pressure (SBP) >140 mmHg, or diastolic blood pressure (DBP) >90 mmHg at the medical
checkup); 8) those diagnosed with renal diseases (under treatment for or a history of nephritis,

nephrotic syndrome, or chronic renal failure based on interview, or urinary protein of 1+ and

higher at the medical checkup); 9) those diagnosed with cardiovascular or cerebrovascular dis-

eases (under treatment for or a history of angina, myocardial infarction, aortic aneurysm, cere-

bral infarction, intracerebral hemorrhage, or subarachnoid hemorrhage based on interview); and
10) those without data for urinalysis or BP (if not already excluded in items 1) to 9)).
The candidates were judged based on exclusion criteria 1) to 10) and registered as subjects of

the cross-sectional study. The same subjects were candidates for the longitudinal study, but this

study required serial data. Therefore, subjects with the following conditions were excluded: 11)

those with only one serum creatinine value and 12) those with a history of dialysis or after renal
transplantation or nephrectomy (including lateral nephrectomy, donor nephrectomy, and partial
nephrectomy) that was newly revealed by medical records or abdominal echo findings at a sec-
ond or later medical checkup. In the case of the following conditions, all data corresponding to
the particular medical checkup were excluded for the subject: 13) hyperthyroidism (TSH

<0.1 pU/ml and T4 >1.64 ng/dl) or hypothyroidism (TSH >6.0 pU/ml and fT4 <1.00 ng/dl)
based on blood tests at a second or later medical checkup, and 14) no data for urinalysis or BP.
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After examining the candidates for the longitudinal study based on criteria 1) to 14), those with
only one serum creatinine value were excluded. Active hyperthyroidism decreases the creatinine
level, active hypothyroidism increases this level, and creatinine returns to the original level as the
hormone level returns to the normal range [17,18]. Thus, patients with active hyperthyroidism
or hypothyroidism were excluded due to the transient variation of creatinine.

Estimation of eGFR

After an overnight fast, subjects received a medical checkup in the morning. Blood tests were
performed in the Laboratory of the Center for Preventive Medicine, St. Luke’s Affiliated Clinic,
on the day of the medical checkup. Serum creatinine was measured with an enzymatic method
on an autoanalyzer (Bio Majesty JCA-BM, Jeol Ltd. Tokyo, Japan), which data were rounded to
the second decimal point. eGFR was calculated using the 3-variable Japanese equation [19]:
eGFR (ml/min/1.73m?) = 194 x sCr "%** x Age ®*% (if female x 0.739)

Statistical Analysis

The cross-sectional study was performed using data from the first medical checkup. Reference
values for eGFR (mean and 2.5th, 5th, 25th, 50th, 75th, 95th, and 97.5th percentiles) stratified
by gender and age in 5-year increments were evaluated using a nonparametric method [16].
The change in eGFR with older age (herein defined as the “generation change”) was calculated
as the coefficient of the fitted line estimated for the relationship between eGFR and age by line-
ar least-squares regression analysis.

The rate of eGFR decline was determined in units of “ml/min/1.73m?*/year” (rate defined as
the “slope”) and “%/year” (rate defined as the “%slope”). In the longitudinal study 1, the individ-
ual rate of eGFR decline (i.e. the slope; ml/min/ 1.73m2/year) was calculated using a mixed model
analysis in which random-intercept and random-slope were fitted. In this analysis, the dependent
variable was eGFR, the independent variable was days after the first visit, and then the slope was
obtained by multiplying 365.25. In the longitudinal study 2, the individual slope was divided by
the individual eGFR at baseline and this value was defined as the %slope ([ml/min/1.73m?/ year]
/ [intercept of eGFR] x100 in unit of %/year). The individual slope and the individual %slope
were stratified by gender, age group and renal stage, and the means of the slope and the %slope
were calculated in each stratified component. To minimize the effect of a “regression to the
mean”, the individual intercept of eGFR was used as the baseline eGFR when the individual slope
(longitudinal study 1) and the individual %slope (longitudinal study 2) were stratified to the
renal stage. Renal function was classified into KDIGO stages G1 to G3b. Since the study included
healthy subjects with generally higher eGFR, stages G1 and G2 were divided into 2 categories by
15 ml/min/1.73m”. There were no subjects in stages G4 and G5 in the study.

In the longitudinal study 3, the Relationships of eGFR decline rate with 15 factors at baseline
(intercept of eGFR, age, gender, urinary protein by dipstick test, serum uric acid, HbA ¢, fasting
blood glucose, SBP, serum phosphorus, serum calcium, HDL-cholesterol, non-HDL-cholesterol,
triglycerides (TG), BMI, and smoking status) was evaluated using a linear least-squares regres-
sion analysis. Subjects who lacked any of these data were excluded, and the number of subjects in
this analysis decreased from 45,586 to 43,438. There were high correlations between SBP and
DBP, non-HDL- and total cholesterol, and non-HDL- and LDL-cholesterol (correlation coeffi-
cients of 0.86, 0.90, and 0.94, respectively), and thus SBP and non-HDL-cholesterol were selected
as factors because these parameters are most frequently used in clinical settings. Log-transformed
TG was used because the distribution of this data was skewed. P<<0.0033 (0.05/15 = 0.0033)
using the Bonferroni correction was considered to be significant. STATA software (ver. 13.1) was
used for the analysis.
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Graph of the Slope of eGFR Decline (Simulated Change of eGFR)

The slope of the rate of eGFR decline was depicted as the inclination of each line and the trajec-
tory of renal function was predicted by simulation [15]. Each long line of the graph was not an
individual's trajectory, but a connected trajectory using the mean slope of eGFR decline in
stratified component.

Results
Characteristics

There were 72,521 subjects in the cross-sectional study and 45,586 subjects in the longitudinal
study. Characteristics in the longitudinal study were based on laboratory data at baseline
(Table 2). The intercept of eGFR was used as the baseline value of eGFR. The mean (+SD) ages
of the subjects in the cross-sectional and longitudinal studies were 42.8+10.4 and 43.9+£10.2
years, respectively, and the ratios of men to women were 47% and 48%, respectively. The mean
(£SD) eGFR was 83.7+14.7 ml/min/1.73m? in the cross-sectional study and the mean (+SD)
baseline eGFR was 81.5+11.6 ml/min/1.73m” in the longitudinal study. Other parameters were
within normal ranges. Creatinine was measured once in the cross-sectional study and 2 to 18
times in a row in the longitudinal study, with a median of 4 times for men and women (S1 Fig).
The mean (+SD) intervals between the first and last medical checkups were 4.19+2.45 years in
men and 4.35%2.47 years in women (S2 Fig).

Reference Values for eGFR by Gender and Age (Cross-Sectional Study)

Reference values were obtained for eGFR stratified by gender and age (mean and 2.5th, 5th,
25th, 50th, 75th, 95th, and 97.5th percentiles; Fig 2 and S1 Table). Values for eGFR decreased
with older age in both genders. The generation changes were -0.51 ml/min/1.73m?/year in all
subjects, -0.46 ml/min/1.73m*/year in men and -0.54 ml/min/1.73m*/year in women (S3 Fig).
The 2.5th percentiles of eGFR at age >50 years old were <56 (in men) and <57 (in women),
and 5th percentiles were <59 ml/min/1.73m” in both genders (Fig 2 and S1 Table).

Reference Values for the Slope of eGFR Decline by Gender, Age, and
Renal Stage (Longitudinal Study 1)

Reference values for the slope of eGFR decline stratified by gender, age, and renal stage were deter-
mined in the longitudinal study 1(Tables 3 and 4). In the same renal stage, there was little differ-
ence in the slope of eGFR decline at different ages. For example, in men (Table 3), the slope
ranged from -1.02 to -1.12 ml/min/1.73m?/year and the mean slope was -1.06 ml/min/1.73m?/
year for baseline eGFR 75 to 89 ml/min/ 1.73m>. A similar tendency was seen in women (Table 4).
In contrast, in the same age group, the slope was steeper when baseline eGFR was higher (i.e. bet-
ter renal function) and shallower when baseline eGFR was lower (i.e. renal stage changed from G1
to G3b). For example, in men aged 40 to 44 years (Table 3), the slopes were -1.81 (eGFR >105),
-1.44 (eGFR 90-104), -1.07 (eGFR 75-89), -0.78 (eGFR 60-74), and -0.46 ml/rnin/l.73m2/year
(eGFR 45-59). The same tendency was observed in each age group in men and women (Table 3
and Table 4). With stratification by gender and age, but not by renal stage, the slope of the eGFR
decline appeared to be shallower with aging. For example, in men (Table 3), the slope ranged
from -1.38 (age 18-24) to -0.83 ml/min/ 1.73m2/year (age >75) for baseline eGFR of 30<. This
may have been influenced by lowering of the mean eGFR with aging (93.67 at age 18-24 to 66.46
ml/min/1.73m? at age >75), as also seen in women (Table 4). To present the distribution of the
slope in each component, the mean slope +2SD are shown in S2 and S3 Tables. The mean (+SD)
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Table 2. Characteristics of healthy subjects in the cross-sectional and longitudinal studies.

Characteristics
Age(y)
Men gender
Serum creatinine(mg/dl)
eGFR (ml/min/1.73m?)
Urine protein
Negative(-)
Trace(15mg/dl;*
Uric acid(mg/dl)
HbA1c(%)
Fasting blood glucose(mg/dl)
Systolic blood pressure(mmHg)
Serum phosphorus(mg/dl)
Serum calcium(mg/dl)
HDL-cholesterol(mg/dl)
NonHDL-cholesterol(mg/dl)
Triglycerides(mg/dl)*
Body mass index
Smoking
Never-smoked
Ex-smoker
Current smoker

Note: § intercept of eGFR.
*interquartile range.

doi:10.1371/journal.pone.0129036.t002

Cross-sectional study Longitudinal study

meanzSD or N(%) N meanSD or N(%) N
42.8+10.4 72521 43.9+10.2 45586
33988 (47%) 72521 21703 (48%) 45586
0.73%0.15 72521 0.72+0.15 45586
83.7¥14.7 72521 81.5+11.6§ 45586
72521 45586
69554 (96%) 44068 (97%)
2967 (4%) 1518 (3%)
5.19+1.40 72521 5.20%1.40 45586
4.99+0.32 71459 4.99%0.33 44869
96.18.0 72521 96.418.0 45586
112.4+12.8 72521 112.5£12.8 45586
3.46£0.42 70457 3.45+0.42 44155
9.21£0.33 70456 9.20+0.32 44155
63.1£15.4 72521 63.2+15.5 45586
134.8+34.8 72006 136.1+£34.7 45371
73 [52, 109]* 72521 74 [52, 111]* 45586
21.9%3.0 72520 22.0%3.0 45586
72521 45586
44252 (61%) 27966 (61%)
14314 (20%) 9102 (20%)
13955 (19%) 8518 (19%)

slopes in the longitudinal study were -1.07+0.42 ml/min/1.73m?/year in all subjects, ~1.03+0.40
ml/min/1.73m*/year in men, and -1.11%0.44 ml/min/1.73m*/year in women.

The mean slope for each stratified component in Tables 3 and 4 was plotted on the y-axis,
and age group and renal stage were plotted on the x-axis (Fig 3). With stratification by renal
stage and gender, all lines ran almost parallel with the x-axis for age group (Fig 3, left side).
Thus, there was little difference in the slope of eGFR decline within the same renal stage at all
ages. In contrast, with stratification by age group and gender, all lines almost overlapped (Fig 3,
right side), indicating that the influence of renal stage on the slope was greater than that of age.
Furthermore, the slope was steeper in subjects with better renal function and became shallower
as the renal stage advanced (Fig 3).

The slope of eGFR decline was also graphed as the inclination of each line and the trajectory
of renal function was predicted by simulation (Fig 4). The shape of the graph was gently convex
downward, which matched the tendency for a steeper slope in subjects with higher baseline
eGFR and a shallower slope in those with lower baseline eGFR.

Reference Values for the %slope of eGFR Decline by Gender, Age, and
Renal Stage (Longitudinal Study 2)

Reference values were obtained for the %slope of eGFR decline stratified by gender, age, and
renal stage in the longitudinal study 2 (54 Table and S5 Table). Similarly to the slope of eGFR
decline, there was little difference in the %slope for different age groups in the same renal stage
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Table 3. Slope (ml/min/1.73m?/year) of eGFR decline in healthy men.

Fig 2. Reference values for eGFR in healthy men and women in the cross-sectional study. Values for
eGFR decreased with older age in both genders. eGFR was calculated using the 3-variable
Japanese equation.

doi:10.1371/journal.pone.0129036.9002

(54 Table, S5 Table, and S4 Fig). The %slope was also steeper with higher baseline eGFR and
shallower with lower baseline eGFR, although the difference in the %slope among different

Men Age
Stage Intercept  Slope 18-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75< 18<
of eGFR
G1 105< ml/min/ -194 -192 -1.78 -1.79 -1.81 -1.80 -1.73 -1.68 -199 -224 -1.34 -1.81
1.73m?%
year
mean of 111,57 11163 110.08 11048 111.23 111.01 110.12 111.14 110.03 108.05 113.98 110.74
intercept
N 17 48 88 120 65 36 24 16 4 2 2 0 422
90-104 ml/min/ -1.42 -1.38 -140 -144 144 -138 -142 -142 -1.54 137 -1.18 -1.42
1.73m?/
year
mean of 95.47 96.02 9551 9517 9515 9509 94.81 9451 9563 9523 96.08 95.27
intercept
N 54 309 679 949 611 299 208 128 48 21 10 0 3316
G2 75-89 mli/min/ -1.12 -1.05 -105 -1.08 -107 -1.06 -1.04 -1.06 -1.04 -102 -1.12 -1.03 -1.06
1.73m?%
year
mean of 8454 8341 8266 8241 8178 8150 81.00 81.00 8049 80.24 8158 80.08 81.91
intercept
N 44 464 1497 2700 2334 1384 918 772 390 150 49 14 10716
60-74 ml/min/ -0.79 -0.78 -079 -0.78 -0.76 -0.76 -0.76 -0.74 -0.78 -0.78 -0.87 -0.77
1.73m?/
year
mean of 71.89 71.05 7070 70.08 69.59 69.13 68.88 6798 67.52 68.08 67.84 69.48
intercept
N 0 43 301 946 1296 1124 1048 897 613 292 117 47 6724
G3a 45-59 ml/min/ -049 -046 -046 -053 -0.51 -048 -050 -0.57 -0.58 -0.62 -0.52
1.73m?%
year
mean of 59.90 57.72 56.47 5721 5722 56.73 56.37 5584 5557 54.85 56.51
intercept
N 0 0 1 10 26 64 89 82 108 86 37 20 523
G3b 30-44 ml/min/ -0.09 -0.01 -0.05
1.73m?/
year
mean of 38.36 42.82 40.59
intercept
N 0 0 0 0 0 0 0 0 0 1 0 1 2
G1-G3b 30< ml/min/ -138 -1.20 -1.14 -1.11 -1.05 -097 -0.93 -0.92 -0.86 -0.84 -085 -0.83 -1.03
1.73m?%
year
mean of 93.67 88.92 8563 8329 8045 78.13 76.19 7538 7238 70.30 70.73 66.46 80.05
intercept
N 115 864 2566 4725 4332 2907 2287 1895 1163 552 215 82 21703
doi:10.1371/journal.pone.0129036.t003
PLOS ONE | DOI:10.1371/journal.pone.0129036 June 10,2015 9/18
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Table 4. Slope (ml/min/1.73m?/year) of eGFR decline in healthy women.

Women

Stage Intercept
of eGFR

G1 105

mean of
intercept

90-104

mean of
intercept

G2 75-89

mean of
intercept

60-74

mean of
intercept

G3a 45-59

mean of
intercept

G3b 30-44

mean of
intercept

G1-G3b 30=

mean of
intercept

Slope

ml/min/
1.73m?/
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baseline eGFRs was smaller than that of the slope. To present the distribution of the %slope in
each component, the mean %slope+2SD are shown in 54 and S5 Tables. The means (+SD) for
the %slope were -1.29+0.41%/year in all subjects, -1.26£0.39%/year in men, and -1.32+0.42%/
year in women.

PLOS ONE | DOI:10.1371/journal.pone.0129036 June 10,2015

10/18



@’PLOS ’ ONE

Longitudinal Study of eGFR Decline

mean slope (ml/min/1.73m2/year)

Slope of eGFR decline in healthy men by stage
0 -

-5 W

E——F =3 __

‘1"/0—.\.__.—_.—-0—.———0—"'\'/0

mean slope (ml/min/1.73m2/year)

Slope of eGFR decline in healthy men by age group

T
105=<eGFR

T T
75=<eGFR<90 45=<eGFR<60

A R (R (N R (R (& Rk e
BT BT AT T 0T T T 0T T T 10 90=<eGFR<105 60=<eGFR<75 30=<eGFR<45
age group Stage
stage age group
—®105=<eGFR  —®—90=<eGFR<105 —®—75=<eGFR<90 —8—18.24 —8—2520 —8—30.34 —#—3530 ——40-44 —8—4549
—@—60=<eGFR<75 —®—45-<eGFR<60 —®—30=<eGFR<45 —e—50.54 5550 —8—60-64 —8—6560 —8—70.74 —o—75-

mean slope (ml/min/1.73m2/year)

Slope of eGFR decline in healthy women by stage

mean slope (ml/min/1.73m2/year)

Slope of eGFR decline in healthy women by age group

T

T

i T T T T T T 15 T T T T T T T
LI R . S - R S Y - - S [\ ¢ 105=<eGFR 75=<eGFR<90 45=<eGFR<60
AT ST AT T 0T 40T 0T T 0T T 0 90=<eGFR<105 60=<eGFR<75 30=<eGFR<45
age group stage
stage age group

—@—105=<eGFR —®—90=<eGFR<105 —®—75=<eGFR<90
—®—60=<eGFR<75 —®—45=<eGFR<60 —®—30=<eGFR=<45

—&—50-54

—e—1824 —8—2520 —9—30-34 —#—35.390 —8—40-44 —8—45.49

55-59 —@—60-64 —9—65-69 —@—70-74 ——75-

Fig 3. Graphs of the rate of eGFR decline in healthy men and women by renal stage and age group. The mean slope for each stratified component by
gender, age and renal stage in Tables 3 and 4 is plotted on the y-axis, and age group and renal stage are plotted on the x-axis. When the slope was stratified
by renal stage and gender, all lines ran almost parallel with the x-axis showing age group (left side).When the slope was stratified by age group and gender,
all lines almost overlapped (right side). There was little difference in slope within the same renal stage regardless of age, whereas the slope changed
depending on the renal stage. The slope was steeper when baseline eGFR was higher (i.e. better renal function) and shallower when baseline eGFR was
lower (i.e. renal stage changed from G1 to G3b).

doi:10.1371/journal.pone.0129036.9003

Factors Related to the Rate of eGFR Decline (Slope and %slope)
(Longitudinal Study 3)

An examination of relationships between eGFR decline rate and 15 factors at baseline gave
similar results for slope and %slope (Table 5). The slope of eGFR decline was significantly asso-
ciated with 9 factors: intercept of eGFR, age, gender, urinary protein (15mg/dl; +), HbAlc,
phosphorus, HDL-cholesterol, non-HDL-cholesterol, and BMI (all p<0.0033). The %slope of
eGFR decline was significantly associated with 9 factors: intercept of eGFR, age, gender, urinary
protein (15mg/dl; +), uric acid, HbAlc, phosphorus, HDL-cholesterol, and non-HDL-choles-
terol (all p<0.0033). Of these factors, the rate of eGFR decline became faster as intercept of
eGFR, age, and non-HDL-cholesterol became higher; and became slower as HbAlc, phospho-
rus, and HDL-cholesterol became higher. The rate of eGFR decline was slower in men than in
women, and was also slower in subjects with urinary protein (+) compared to those with
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Fig 4. Graph of the slope of eGFR decline (simulated change of eGFR) in healthy men and women. The slope of eGFR decline is depicted as the
inclination of each line. The trajectory of renal function based on this slope was predicted with a simulation method. The shape of the graph was gently
convex downward, which matches the tendency for the slope of eGFR decline to be steeper for higher baseline eGFR and shallower for lower baseline

eGFR.
doi:10.1371/journal.pone.0129036.9004

urinary protein (-). The slope of eGFR decline became faster as BMI became higher, and the %
slope of eGFR decline became slower as uric acid became higher. The standardized coefficient
indicated that eGFR at baseline was the strongest predictor of a future eGFR decline (slope; -
0.70, %slope; -0.41).

Discussion

Our longitudinal study revealed for the first time that eGFR decline rate in healthy subjects de-
pended mainly on eGFR at baseline, but not on age. Namely, the rate of eGFR decline was simi-
lar in younger and older subjects with similar baseline eGFR values. In other words, the rate of
eGFR decline was faster with a higher baseline eGFR and slower with a lower baseline eGFR. In
this study all subjects were healthy at baseline, and the longitudinal study indicated the natural
course of eGFR decline in healthy people using a large cohort in Japan. These results suggest
that healthy subjects are unlikely to progress to the advanced renal stage, such as stages G4 and
G5. The reason why the rate of eGFR decline was slower with a lower baseline eGFR is unclear,
but a compensatory mechanism might work as kidney function decreases.

In men and women aged 50 years old and over in the cross-sectional study, the 5th percen-
tile of eGFR was <60 ml/min/1.73m?, which indicated that 5% of healthy subjects aged >50
years old have CKD of stage G3a. If the eGFR of the healthy people between the 2.5th and
97.5th percentiles in our cross-sectional study is considered to be normal, the cutoff value of
eGFR at age 50 to 54 years old would be 56 (in men) and 57 ml/min/ 1.73m? (in women) (S1
Table). Moreover, our longitudinal study suggests that an eGFR decline rate within the mean
+2SD may reflect a process of natural aging in healthy subjects.

The results in our cross-sectional study were similar to those in previous studies of healthy
subjects. Wetzel et al. found similar reference values in a population-based prospective cross-
sectional study [20, 21] and Okada et al. reported 5th and 95th percentiles of eGFR with almost
the same values as those in our study [14]. Approximately similar generation changes of -0.51
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Table 5. Rate of eGFR decline (Slope and %Slope) evaluated by linear least-squares regression analysis using 15 factors at baseline.

Variables

Intercept of eGFR
(m/min/1.73m?)

Age(year)
Gender
women
men
Urine protein
Negative(-)
Trace(15mg/dl;+)
Uric acid(mg/dl)
HbA1c(%)

Fasting blood
glucose(mg/dl)

Systolic blood
pressure(mmHg)

Serum phosphorus
(mg/dl)

Serum calcium(mg/
dl)

HDL-cholesterol(mg/
dl)

NonHDL-cholesterol

(mg/dl)

Log Triglycerides

(mg/dI)*

Body mass index

Smoking
Never-smoked
Ex-smoker

Current smoker

Coefficient

-0.03

-0.003

[reference]
0.03

[reference]
0.06

0.004

0.1

0.0006

0.00006

0.05

0.01

0.001

-0.0003

0.01

-0.002

[reference]
0.01
-0.01

Slope (ml/min/1.73m?/year)

score

-175.14

-18.23

5.74

6.67
29
21.58

2.69

0.42

13.03

1.74

8.79

-5.25

1.57

-3.27

2.54
-2.24

%Slope (%lyear)

P- 95% confidential Standardized Coefficient T P- 95% confidential Standardized
value interval coefficient score value interval coefficient
<0.001 -0.03 -0.03 -0.70 -0.01 -83.31 <0.001 -0.01 -0.01 -0.41
<0.001 -0.004 -0.003 -0.08 -0.003 -16.21 <0.001 -0.004 -0.003 -0.09
[reference]
<0.001 0.02 0.04 0.03 0.03 5.10 <0.001 0.02 0.04 0.03
[reference]
<0.001 0.04 0.07 0.02 0.07 6.73 <0.001 0.05 0.09 0.03
0.004 0.001 0.007 0.01 0.007 3.93 <0.001 0.004 0.01 0.03
<0.001 0.1 0.1 0.09 0.1 22.23 <0.001 0.1 0.1 0.1
0.007 0.0002 0.001 0.01 0.0006 2.33 0.02 0.0001  0.001 0.01
0.7 -0.0002 0.0003 0.002 0.00004 0.23 0.8 -0.0003 0.0004 0.001
<0.001 0.04 0.06 0.05 0.06 13.19 <0.001 0.05 0.07 0.06
0.08  -0.001 0.02 0.01 0.01 214 0.032  0.001 0.03 0.01
<0.001 0.0008 0.001 0.04 0.001 8.69 <0.001 0.001 0.002 0.05
<0.001 -0.0004 -0.0002 -0.02 -0.0004 -5.63 <0.001 -0.0005 -0.0002 -0.03
0.1 -0.004 0.03 0.01 0.01 1.30 0.2 -0.01 0.04 0.01
0.001 -0.003 -0.0008 -0.01 -0.002 -2.86 0.004 -0.004 -0.0007 -0.02
[reference]
0.01 0.002 0.02 0.01 0.01 2.92 0.004 0.005 0.02 0.01
0.025 -0.02 -0.001 -0.009 -0.01 -2.61 0.01 -0.02 -0.003 -0.01

Note: P<0.0033 (0.05/15 = 0.0033) using the Bonferroni correction was considered to be significant.
*The distribution of triglycerides is skewed, and thus the values were log-transformed.

doi:10.1371/journal.pone.0129036.1005

and -0.4 ml/min/1.73m?/year were found in the current study and by Wetzel et al. [20],
respectively.

Our longitudinal study, however, presented a different finding from previous studies. Linde-
man et al. [22] studied the natural rate of eGFR decline in healthy subjects with normal renal
function and found that the rate became faster with aging. Imai et al. [15] also found that eGFR
decline was faster in older subjects with a lower eGFR in an annual health examination. In con-
trast, we found that the decline rate became slower with aging, since the baseline eGFR was
lower in older subjects. Lindeman et al. [22] included patients with diabetes mellitus, as long as
they did not have proteinuria; and Imai et al. [15] included patients with hypertension and/or
proteinuria of (1+) and over. In our study, however, we carefully excluded subjects with any ab-
normal conditions, including diabetes mellitus, hypertension and proteinuria. This may
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explain the different findings, since the rate of eGFR decline in patients has been reported to be
faster than that in healthy subjects. The decline rate in patients with normoalbuminuric type 2
diabetes mellitus with hyperfiltration is significantly faster than that in nondiabetic individuals
and became much faster in the later follow-up period [23]. The decline rate in normoalbumi-
nuric type 2 diabetes patients who developed microalbuminuria in the follow-up period was
also faster than that in nondiabetic individuals [24]. In the modification of diet in renal disease
study [25], the median decline was -3.8 ml/min/year for GFR of 25 to 55 ml/min/1.73m’ how-
ever, in our study in healthy subjects eGFR decline rate was much slower with values of -0.52
and -0.53 ml/min/1.73m"/year in stage G3a in men and women, respectively.

The generation change in the cross-sectional study and the eGFR decline rate in the longitu-
dinal study are different. The cross-sectional study presents the distribution of the initial eGFR
of healthy subjects according to the age and depends on the composition of the participants,
which may bias the results. In contrast, the longitudinal data represent the trajectory of renal
function of each subject and give a true decline rate.

To minimize the effect of a “regression to the mean” in the longitudinal study, the individual
intercept of eGFR was used instead of the value of the first eGFR measurement. Furthermore,
serial data (2-18 times; median of 4 times, and mean periods of 4.19+2.45 years for men and
4.35+2.47 years for women) were used to calculate the eGFR decline rate using a mixed model
analysis. In addition, the sensitivity analyses were performed to investigate the effect of the “re-
gression to the mean”. The individual slope of eGFR decline was recalculated separately in sub-
jects who had only two eGFR measurements (median of 2 times, and mean periods of 1.75
+1.37 years for men and 1.79+1.34 years for women) and in those who had 5-18 eGFR mea-
surements (median of 7 times, and mean periods of 6.42+1.51 years for men and 6.54+1.46
years for women) using a mixed model analysis (S6-S9 Tables and S5 Fig). Similarly, the indi-
vidual slope of eGFR decline was recalculated separately in subjects with a shorter follow-up
period (<2 years; median of 2 measurements, and mean periods of 1.31+0.44 years for men
and 1.29+0.41 years for women) and in those with a longer follow-up period (>4 years; median
of 7 measurements, and mean periods of 6.42+1.40 years for men and 6.50+1.38 years for
women) (S10-5S13 Tables and S6 Fig). In subjects with 2 measurements or with a shorter fol-
low-up period (<2 years), the SD of the slope was greater especially for the higher intercept of
eGFR, and the difference between the slope of stage G1 and that of stage G3a was also greater.
Therefore, the “regression to the mean” did seem to have affected the results. However, after
the exclusion of subjects with fewer frequency measurements or a shorter follow-up period, the
rate of eGFR decline still showed a faster decline with a higher baseline eGFR and a slower de-
cline with a lower baseline eGFR. Additionally, the difference between the rate in subjects with
>5 measurements (5-18 times; S7 and S9 Tables) and that in all healthy subjects (2-18 times;
Table 3 and Table 4) was small, and the difference between the rate in subjects with a longer
follow-up period (>4 years; S11 and S13 Tables) and that in all healthy subjects (2-18 times;
Table 3 and Table 4) was also small. Thus we concluded that the “regression to the mean” effect
did not cause the tendency in the decline rate and we came to the same conclusion that the rate
of eGFR decline was faster with a higher baseline eGFR and slower with a lower baseline eGFR.

There are some limitations in this study. The study was retrospective and the eGFR distribu-
tion and rate of decline in healthy subjects should be clarified in a prospective study. The whole
study is based on a Japanese population mainly from the Kanto area, where one-third of Japa-
nese people reside. It remains to be determined if the conclusion is applicable to other districts
or countries. There were only a small number of subjects with baseline eGFR >105 ml/min/
1.73m?, especially in those aged >60 years old, and thus the eGFR decline rate in the higher
eGFR group (eGFR >105 ml/min/1.73m?) may be less reliable. The number of subjects aged
>70 years old in each stage was small, which made it difficult to evaluate the results in elderly
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people. The number of subjects with stage G3b was even smaller (n =2 in men, andn=1in
women), and there were no subjects with stages G4 and G5 in the study. Therefore, eGFR de-
cline could not be evaluated in stages G3b, G4, and G5. In addition, the reason why the eGFR
decline rate was slower with a lower baseline eGFR is unclear and further studies are needed to
clarify the underlying mechanisms.

Conclusions

To the best of our knowledge, this is the first study to determine reference values for the rate of
eGFR decline stratified by gender, age, and renal stage in healthy subjects. The rate of eGFR de-
cline depended mainly on baseline eGFR, but not on age. A higher baseline eGFR (better renal
function) was related to a faster rate of eGFR decline, and lower baseline eGFR was associated
with slower eGFR decline.

Supporting Information

S1 Fig. Total visits of subjects in the longitudinal study. The longitudinal data show that the
frequency of creatinine measurements ranged from 2 to 18 times in a row. The median fre-
quency was 4 times for both genders.

(TIF)

S2 Fig. Interval (in years) between the first and last visits of subjects in the longitudinal
study. The mean interval from the first to the last visit was 4.19 + 2.45 years for men and
4.35 + 2.47 years for women.

(TTF)

S3 Fig. Generation changes in healthy subjects in the cross-sectional study. Plots show the
eGFR of healthy subjects according to age. The change in eGFR with older age (i.e.generation
change) was calculated as the coefficient of the fitted line, which was estimated for the relation-
ship between eGFR and age by linear least-squares regression analysis. The generation change
was -0.51 ml/min/1.73m?*/year in all subjects, -0.46 ml/min/1.73m"/year in men, and -0.54 ml/
min/1.73m?*/year in women.

(TIF)

S4 Fig. %Slope of eGFR decline in healthy men and women by renal stage and age group.
The mean %slope in each stratified component by gender, age and renal stage is plotted on the
y-axis, and the age group and renal stage are plotted on the x-axis. When the %slope was strati-
fied by renal stage and gender, all lines ran almost parallel with the x-axis for age group (left
side).When the %slope was stratified by age group and gender, all lines almost overlapped
(right side). Similarly to the slope of eGFR decline, there was little difference in the %slope
within the same renal stage regardless of age. The %slope was steeper when the baseline eGFR
was higher (i.e. better renal function) and became shallower when baseline eGFR was lower
(i.e. advanced renal stage).

(TTF)

S5 Fig. Total visits and interval between the first and last visits of subjects with 2 and 5-18
measurements in the longitudinal study. In subjects with fewer measurements (2), the medi-
an was 2 times for both genders, and the mean intervals from the first to the last visit were

1.75 £ 1.37 years for men and 1.79 + 1.34 years for women. For those with more measurements
(5-18), the median was 7 times for both genders, and the mean intervals were 6.42 + 1.51 years
for men and 6.54 + 1.46 years for women.

(TTF)
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S6 Fig. Total visits and interval between the first and last visits of subjects with shorter (<2
years) and longer (>4 years) follow-up periods in the longitudinal study. In subjects with a
shorter follow-up period (<2 years), the median was 2 measurements for both genders, and
the mean intervals from the first to the last visit were 1.31 + 0.44 years for men and 1.29 + 0.41
years for women. For those with a longer follow-up period (>4 years), the median was 7 mea-
surements for both genders, and the mean intervals were 6.42 + 1.40 years for men and

6.50 + 1.38 years for women.

(TIF)

S1 Table. Reference values of eGFR per 5-year age group for healthy men and women in the
cross-sectional study. Note: P2.5, P5, P25, P50, P75, P95, and P97.5 are the 2.5th, 5th, 25th,
50th, 75th, 95th and 97.5th percentiles of the reference value of eGFR, respectively.

(XLSX)

$2 Table. Slope (ml/min/1.73m>/year) of eGFR decline in healthy men.
(XLSX)

$3 Table. Slope (ml/min/1.73m?/year) of eGFR decline in healthy women.
(XLSX)

S4 Table. %Slope (%/year) of eGFR decline in healthy men.
(XLSX)

S5 Table. %Slope (%/year) of eGFR decline in healthy women.
(XLSX)

S6 Table. Slope (ml/min/1.73m?/year) of eGFR decline in healthy men with 2 measure-
ments. Note: The statistical analysis in this table is the same as that used in Tables 3 and 4. The
mean (+SD) for intercept of eGFR was 81.6+11.1 ml/min/1.73m? in men with 2 measure-
ments.

(XLSX)

S$7 Table. Slope (ml/min/1.73m?/year) of eGFR decline in healthy men with 5-18 measure-
ments. Note: The statistical analysis in this table is the same as that used in Tables 3 and 4. The
mean (+SD) for intercept of eGFR was 78.9+11.0 ml/min/1.73m” in men with >5 measure-

ments.
(XLSX)

S8 Table. Slope (ml/min/1.73m>/year) of eGFR decline in healthy women with 2 measure-
ments. Note: The statistical analysis in this table is the same as that used in Tables 3 and 4. The
mean (+SD) for intercept of eGFR was 84.7+12.5 ml/min/1.73m” in women with 2 measure-
ments.

(XLSX)

$9 Table. Slope (ml/min/1.73m?/year) of eGFR decline in healthy women with 5-18 mea-
surements. Note: The statistical analysis in this table is the same as that used in Tables 3 and 4.
The mean (+SD) for intercept of eGFR was 81.8+11.7 ml/min/1.73m?” in women with >5 mea-
surements.

(XLSX)

$10 Table. Slope (ml/min/1.73m>/year) of eGFR decline in healthy men with shorter fol-
low-up periods (<2 years). Note: The statistical analysis in this table is the same as that used
in Tables 3 and 4. The mean (+SD) for intercept of eGFR was 81.3+11.7 ml/min/1.73m? in

PLOS ONE | DOI:10.1371/journal.pone.0129036 June 10,2015 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129036.s016

@’PLOS ‘ ONE

Longitudinal Study of eGFR Decline

men with a shorter follow-up period (<2 years).
(XLSX)

S11 Table. Slope (ml/min/1.73m”/year) of eGFR decline in healthy men with longer follow-
up periods (>4 years). Note: The statistical analysis in this table is the same as that used in Ta-
bles 3 and 4. The mean (+SD) for intercept of eGFR was 79.7+11.1 ml/min/ 1.73m? in men with
a longer follow-up period (>4 years).

(XLSX)

S12 Table. Slope (ml/min/1.73m”/year) of eGFR decline in healthy women with shorter fol-
low-up periods (<2 years). Note: The statistical analysis in this table is the same as that used
in Tables 3 and 4. The mean (+SD) for intercept of eGFR was 84.5+13.1 ml/min/1.73m” in
women with a shorter follow-up period (<2 years).

(XLSX)

$13 Table. Slope (ml/min/1.73m*/year) of eGFR decline in healthy women with longer fol-
low-up periods (>4 years). Note: The statistical analysis in this table is the same as that used
in Tables 3 and 4. The mean (+SD) for intercept of eGFR was 82.5+11.9 ml/min/1.73m” in
women with a longer follow-up period (>4 years).

(XLSX)
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