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Abstract

Background

Whether HbA1c is a predictor of end-stage renal disease (ESRD) in type 2 diabetes patients

remains unclear. This study evaluated relationship between HbA1c and ESRD in Chinese

patients with type 2 diabetes.

Methods

Patients aged� 30 years who were free of ESRD (n = 51 681) were included from National

Diabetes Care Management Program from 2002–2003. Extended Cox proportional hazard

model with competing risk of death served to evaluate association between HbA1c level

and ESRD.

Results

A total of 2613 (5.06%) people developed ESRD during a follow-up period of 8.1 years.

Overall incidence rate of ESRD was 6.26 per 1000 person-years. Patients with high levels

of HbA1c had a high incidence rate of ESRD, from 4.29 for HbA1c of 6.0%–6.9% to 10.33

for HbA1c� 10.0% per 1000 person-years. Patients with HbA1c < 6.0% particularly had a

slightly higher ESRD incidence (4.34 per 1000 person-years) than those with HbA1c of

6.0%–6.9%. A J-shaped relationship between HbA1c level and ESRD risk was observed.

After adjustment, patients with HbA1c < 6.0% and� 10.0% exhibited an increased risk of
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ESRD (HR: 1.99, 95% CI: 1.62–2.44; HR: 4.42, 95% CI: 3.80–5.14, respectively) compared

with those with HbA1c of 6.0%–6.9%.

Conclusions

Diabetes care has focused on preventing hyperglycemia, but not hypoglycemia. Our study

revealed that HbA1c level� 7.0% was linked with increased ESRD risk in type 2 diabetes

patients, and that HbA1c < 6.0% also had the potential to increase ESRD risk. Our study

provides epidemiological evidence that appropriate glycemic control is essential for diabe-

tes care to meet HbA1c targets and improve outcomes without increasing the risk to this

population. Clinicians need to pay attention to HbA1c results on diabetic nephropathy.

Introduction
Diabetes has become one of the most common causes of end-stage renal disease (ESRD) in
numerous countries, and a 44.6%, 44.5%, and 43.7% incidence of ESRD in patients is caused by
diabetes in Japan, Taiwan, and the United States, respectively [1]. Because of the alarming rise
in the number of diabetes cases worldwide [2], the ESRD population is increasing. The preva-
lence and incidence of ESRD is increasing rapidly in Taiwan [3]. The total number of regular
dialysis patients increased by 26.5% from 52 081 in 2006, to 65 883 in 2010 [4, 5]. The rising
number of ESRD patients requiring dialysis therapy or transplantation is a population health
problem, which places a substantial burden on medical and health resources [1].

Hyperglycemia is the most crucial factor in the progression of microvascular complications
of diabetes, including nephropathy. The American Diabetes Association (ADA) recommended
that target HbA1c should be below or around 7.0% [6]. A longitudinal study demonstrated that
controlling HbA1c< 7.0% reduced new-onset microalbuminuria risk by 27.1% in a cohort of
type 2 diabetes patients with normoalbuminuria [7]. Several studies have focused on the associ-
ation between glycemic control and early onset diabetic nephropathy (DN), defined by micro-
or macroalbuminuria for clinical renal outcomes in type 2 diabetes patients [8–11]. Several
studies have reported that strict glycemic control intervention reduced the risk of microalbumi-
nuria and macroalbuminuria [8, 9], whereas others have not [10, 11].

Previous studies have evaluated the associations between intervention targeting strict glyce-
mic control and substantially clinical renal outcomes, such as ESRD requiring dialysis therapy
in type 2 diabetes patients [8–11]. However, the findings on the relationships between strict
glycemic control intervention and ESRD in these studies are conflicting. Perkovic et al observed
that intensive glucose control intervention significantly reduced ESRD risk [9], but no signifi-
cant effect of intensive glycaemia therapy on ESRD has been observed in other studies [8, 10,
11]. The primary aim of a randomized clinical trial (RCT) is to assess the intervention effect of
strict glycemic control on ESRD outcome, not the association between HbA1c level and ESRD
incidence. Among Canadian patients with diabetes and chronic kidney disease (CKD), a U-
shaped relationship between HbA1c levels and all-cause mortality was observed, but not in
ESRD patients [12]. A South Korea study revealed that ESRD risk in HbA1c of 6.50%–7.49%
and�7.50% were significantly increased compared with HbA1c of< 6.50%; because of the lim-
ited sample size and a hospital-based study design, the authors could not evaluate whether a
lower level of HbA1c increased or decreased ESRD risk [13].

Whether extreme levels of HbA1c increase the risk of ESRD incidence in the Han Chinese
population has not been reported. The effect of HbA1c on ESRD among type 2 diabetes
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patients warrants further investigation. Therefore, we estimated the incidence of ESRD accord-
ing to HbA1c levels, and evaluated whether a J- or U-shaped relationship between HbA1c lev-
els and ESRD risk exists in a large cohort of ethnic Chinese patients with type 2 diabetes
enrolled in the National Diabetes Care Management Program (NDCMP).

Materials and Methods

Study Participants
Our study population from a national cohort of Taiwan Diabetes Study comprised 62 656 dia-
betic patients enrolled in the NDCMP from 2002–2003 in Taiwan. The date of entry into the
NDCMP was defined as the index date. The NDCMP provided a set of integrated examinations
and performance measures for patients. At the beginning of entering the NDCMP, patients
underwent a series of medical tests for blood, urine, and body measurements; and patients
were required to complete a standardized and computerized questionnaire administered by a
case management nurse to record the previous status of their medication and lifestyle behav-
iors. This nationally managed care for diabetes patients was established by the Bureau of
National Health Insurance (BNHI) in November 2001. Its goal is to integrate related depart-
ments, expertise, and hospitals at diverse levels to provide continual, approachable, and high-
quality care for diabetes patients. All patients diagnosed with diabetes (International Classifica-
tion of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM); code 250) based on ADA
criteria were invited to participate in the NDCMP. In this study, patients with type 1 (ICD-
9-CM codes: 250.x1/x3) or gestational (ICD-9-CM codes: 648.83) diabetes (n = 2072), aged
less than 30 years (n = 651), and those missing diabetes-related variables information (n =
7091) were excluded. We also excluded patients with a diagnosis of ESRD at baseline or inci-
dence ESRD cases within 1 year of the index date to eliminate cause-and-effect (n = 317),
along with patients who died or withdrew from the National Health Insurance (NHI) program
within the first year after participating in the NDCMP (n = 844). Finally, 51 681 participants
were included for further analysis. This study was approved by the Ethical Review Board of
China Medical University Hospital. Patient records and information were anonymized and de-
identified prior to analysis.

Baseline Assessments
The key independent variable was baseline HbA1c. According to the clinical criteria of HbA1c,
the participants were grouped into 6 categories:< 6.0%, 6.0%–6.9%, 7.0%–7.9%, 8.0%–8.9%,
9.0%–9.9%, and�10.0%. Covariates at baseline consisted of sociodemographic factors, lifestyle
behaviors, biochemical variables, diabetes-related variables, and comorbidities including age,
sex, smoking status (no, yes), alcohol consumption (yes, no), fasting plasma glucose (FPG),
total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), serum creatinine, duration of diabetes, type of antidiabetes medi-
cation (diet and exercise or oral monotherapies, oral polypharmacotherapies, and insulin
treatments), antihypertensive medication (yes, no), obesity (body mass index�27 kg/m2), dia-
betic ketoacidosis (DKA) (yes, no), hyperosmolar non-ketoacidosis (HHNK) (yes, no), severe
hypoglycemia (yes, no), and neuropathy (yes, no). Regarding DKA, HHNK, severe hypoglyce-
mia, and neuropathy, we used data collected in the NDCMP, which used the standardized and
computerized questionnaire to record whether patients had ever occurred each disease event.
Renal function was evaluated using glomerular filtration rate (GFR); estimated GFR (eGFR)
was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation: eGFR
(mL/min/1.73 m2) = 141×min (Scr/κ, 1)α ×max (Scr/κ, 1)−1.209 × 0.993Age×1.018 (if female)
×1.159 (if black), where Scr is serum creatinine, κ is 0.7 for women and 0.9 for men, α is -0.329
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for women and -0.411 for men, min indicates the minimum of Scr/κ or 1, and max indicates
the maximum of Scr/κ or 1 [14]. After a 12-hr overnight fast, blood was drawn from an antecu-
bital vein in the morning and sent for analysis within 4-hr post-collection.

Baseline comorbidities included hypertension (ICD-9-CM codes: 401–405), hyperlipidemia
(ICD-9-CM code: 272), cerebral vascular accident (CVA; ICD-9-CM codes: 430–438), coro-
nary artery disease (CAD; ICD-9-CM codes: 410–413, 414.01–414.05, 414.8, and 414.9),
congestive heart failure (CHF; ICD-9-CM codes: 428, 398.91, 402.01, 402.11, and 402.91), and
cancer (ICD-9-CM codes: 140–165, 170–175, 179–200, 202, 203, 210–213, 215–229, 235–239,
654.1, and 654.10–654.14). A diabetic patient was defined as having one of these comorbidities
by using at least one inpatient or three ambulatory claims data which were collected for 1-year
period prior to cohort entry. Data were from the National Health Insurance Research Database
(NHIRD), which is affiliated with the Taiwan NHI program initiated on March 1, 1995 and
maintained by the National Health Research Institutes. In 2007, more than 98% of Taiwan’s
population of 23 million were covered by the NHI program [15]. To protect privacy, data on
patient identities were scrambled cryptographically by the NHIRD. The validity of claims data
is ensured by the BNHI; claims data are examined including procedures examination, expert
review, on-site examination, and files analysis [16]. In the expert review stage, a random sam-
ple for every 50–100 ambulatory and inpatient claims in each hospital and clinic is examined
by experts with clinical experiences, based on medical theory, medical requirement, treatment
priorities, etc. A severe penalty is enforced for false diagnosis reports, and the misclassification
of baseline comorbidities is rare.

Primary Outcome Ascertainment
Our outcome of interest was ESRD defined by requiring dialysis at least 3 months. These inci-
dent ESRD cases (ICD-9-CM code: 585) were identified from the NHIRD Registry for Cata-
strophic Illness Patient Database excluding patients with acute kidney failure. The physician
diagnosed ESRD by performing a physical examination and tests to check renal function. Tests
may include blood tests, urine tests, renal imaging, and kidney biopsy. Patients with ESRD
approved for catastrophic illness registration cards are those who have received hemodialysis
or peritoneal dialysis for over 3 months. Insured ESRD patients with catastrophic illness regis-
tration cards are not required to pay medical expenses when they seek health care for ESRD-
related conditions.

Statistical Analysis
The baseline period was 2002–2003. Participants were followed until the development of
ESRD, death, or the end of 2011. The baseline demographic and clinical characteristics of the
participants in the NDCMP were examined according to HbA1c levels. Continuous variables
were reported as the mean±standard deviation (SD), and categorical variables were tallied as a
number and percentage. Bivariate statistical methods (eg, one-way analysis of variance, Chi-
square test) were used to explore data features. Incident ESRD density rates per HbA1c level
were estimated, and Kaplan-Meier cumulative incidence curves were derived. The extended
Cox proportional hazards model using the Lunn-McNeil approach was applied as a modified
Cox proportional hazards model that considered competing risks and allowed for multivariable
adjustment [17]. The extended Cox proportional hazard models with the competing risk of
death were used to evaluate the association between HbA1c level and incident ESRD. Hazard
ratios (HRs) and their 95% confidence intervals (CIs) were calculated. Three multivariate mod-
els were built: first, we adjusted for age and sex; second, we additionally adjusted for diabetes
duration, smoking, drinking, obesity, hypertension, antihypertensive medication,
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hyperlipidemia, types of antidiabetes medication, and baseline eGFR; and, third, we addition-
ally adjusted for neuropathy, severe hypoglycemia, DKA, HHNK, CVA, CAD, CHF, and can-
cer. Two forms of sensitivity analysis were performed. One was conducted to investigate the
potential bias caused by the existence of comorbidities by excluding those patients with DKA,
HHNK, severe hypoglycemia, CVA, CAD, and CHF. The other was conducted to increase the
precision of HbA1c measurements by using the average value of all HbA1c measurements
within 1 year since the index date. The analyses were conducted using SAS version 9.3 (SAS
Institute Inc., Cary, NC), and significance was set at a 2-sided P< .05.

Results
The demographic and clinical characteristics of the 51 681 NDCMP participants are summa-
rized according to baseline HbA1c levels in Table 1. The mean age of the participants was 61
years. In our study, 2613 (5.06%) patients were diagnosed with ESRD during a mean follow-up
period of 8.1 years (median: 8.8 y, IQR: 8.2–9.2 y). The overall incidence density rate (IDR) of
ESRD was 6.26 per 1000 person-years. Furthermore, the overall IDR of death was 24.68 per
1000 person-years, and patients with baseline HbA1c level�10.0% had the highest mortality,
27.33 per 1000 person-years. The mean ages of the 6 HbA1c groups ranged from 58 to 63
years. Patients with baseline HbA1c�10.0% had a high smoking prevalence and high mean val-
ues of FPG, total cholesterol, triglycerides, HDL-C, and LDL-C.

Table 2 shows the IDRs of ESRD according to HbA1c levels, HRs of ESRD, and their 95%
CIs. Patients with high levels of baseline HbA1c had high IDRs of ESRD, from 4.34 for HbA1c
< 6.0% to 10.33 for HbA1c�10.0% per 1000 person-years. A J-shaped relationship between
HbA1c and incident ESRD risk was observed. Patients with HbA1c< 6.0% and�10.0% were at
a 1.99- and 4.42-fold greater risk of ESRD (95% CI: 1.62–2.44, P< .001 and 95% CI: 3.80–5.14,
P< .001, respectively) than were patients with HbA1c levels of 6.0%–6.9% after considering
age, sex, diabetes duration, lifestyle behaviors, eGFR, medications, and comorbidities. In a sen-
sitivity analysis, we observed similar results after excluding patients with DKA, HHNK, severe
hypoglycemia, CVA, CAD, and CHF; the adjusted HRs and their 95% CIs were 2.26 (1.76–
2.92), 1.94 (1.59–2.37), 2.33 (1.90–2.85), 2.98 (2.42–3.66), and 4.99 (4.15–6.01) in HbA1c<
6.0%, 7.0%–7.9%, 8.0%–8.9%, 9.0%–9.9%, and�10.0%, respectively, compared with that in
HbA1c 6.0%–6.9%. Furthermore, to reduce the random error of one HbA1c measurement, we
used the mean value of HbA1c measurements obtained within 1 year as the predictor of ESRD
risk (n = 31 747). We also observed a J-shaped relationship between HbA1c and ESRD risk;
that is, the adjusted HRs and their 95% CIs were 2.20 (1.70–2.85), 1.80 (1.47–2.19), 2.10 (1.72–
2.56), 2.66 (2.16–3.29), and 4.32 (3.53–5.28) in HbA1c< 6.0%, 7.0%–7.9%, 8.0%–8.9%, 9.0%–

9.9%, and�10.0%, respectively, compared with that in HbA1c 6.0%–6.9%. Fig 1 presents the
cumulative incidence curves of ESRD based on HbA1c levels. Patients with baseline
HbA1c�10.0% were at an increased risk of ESRD (log-rank test P< .0001).

Fig 2 shows the adjusted HRs and their 95% CIs for ESRD based on HbA1c levels of
�10.0% and< 6.0% stratified by sex (women or men), age (< 65 or�65 y), eGFR (� 60 or
< 60 mL/min/1.73 m2), and types of antidiabetes medication (diet and exercise or oral mono-
therapies, oral polypharmacotherapies, and insulin treatments). We still observed a J-shaped
relationship between HbA1c and ESRD risk across these different stratification subgroups.
Comparing HbA1c level�10.0% with 6.0%–6.9%, the ESRD risk consistently increased across
various strata (all P< .001). There were similar trends in comparing HbA1c level< 6.0% with
6.0%–6.9%, except age�65 years and eGFR�60 ml/min/1.73m² subgroups. Significant inter-
action between HbA1c and sex (w25 = 105.41, P< .001); interaction between HbA1c and age

(w2
5 = 38.80, P< .001); interaction between HbA1c and eGFR (w25 = 52.42, P< .001); and
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Table 1. Characteristics of study subjects stratified by HbA1c levels.

Characteristica HbA1c

Total
(n = 51681)

<6.0% (n = 4437;
8.59%)

6.0–6.9%
(n = 10402;
20.13%)

7.0–7.9%
(n = 11134;
21.54%)

8.0–8.9%
(n = 8856;
17.14%)

9.0–9.9%
(n = 6517;
12.61%)

�10.0%
(n = 10335;
20.00%)

ESRD 2613 (5.06) 155 (3.49) 364 (3.50) 465 (4.18) 422 (4.77) 365 (5.60) 842 (8.15)

Sociodemogrpahic factors

Men 24367 (47.15) 2435 (54.88) 5128 (49.30) 5178 (46.51) 3927 (44.34) 2818 (43.24) 4881 (47.23)

Age (years) 60.72 ± 11.28 62.6 ± 11.92 62.4 ± 11.23 61.64 ± 11.04 60.74 ± 10.99 59.57 ± 11.02 57.91 ± 11.08

Age �65 years 19800 (38.31) 2110 (47.55) 4653 (44.73) 4613 (41.43) 3334 (37.65) 2205 (33.83) 2885 (27.91)

Lifestyle behaviors

Smoking 8080 (15.63) 637 (14.36) 1484 (14.27) 1610 (14.46) 1337 (15.10) 1055 (16.19) 1957 (18.94)

Alcohol drinking 4438 (8.59) 428 (9.65) 851 (8.18) 955 (8.58) 746 (8.42) 536 (8.22) 922 (8.92)

Biochemicla variables

FPG (mg/dL) 174.89 ± 67.32 125.74 ± 40.22 138.62 ± 44.63 155.08 ± 44.78 176.99 ± 52.35 198.67 ± 60.45 237.04 ± 78.40

Total cholesterol (mg/dL) 195.52 ± 39.86 184.92 ± 37.09 189.81 ± 36.81 193.30 ± 37.93 196.54 ± 39.30 198.86 ± 40.48 205.24 ± 43.56

Triglycerides (mg/dL)b 142.59 ± 1.82 122.73 ± 1.75 130.32 ± 1.77 137.00 ± 1.77 146.94 ± 1.80 151.41 ± 1.84 157.59 ± 1.92

HDL-C (mg/dL) 45.90 ± 13.19 45.66 ± 13.24 45.99 ± 13.14 45.71 ± 13.00 45.74 ± 12.86 45.49 ± 12.87 46.51 ± 13.84

LDL-C (mg/dL) 118.09 ± 31.13 111.40 ± 29.48 115.03 ± 30.08 117.12 ± 30.26 119.11 ± 31.11 119.46 ± 31.54 123.34 ± 32.57

Creatinine (mg/dL) 1.03 ± 0.52 1.10 ± 0.52 1.07 ± 0.54 1.05 ± 0.51 1.02 ± 0.51 1.00 ± 0.46 0.98 ± 0.52

eGFR (ml/min/1.73m²) 74.62 ± 22.24 70.57 ± 21.71 71.95 ± 21.50 72.96 ± 21.92 74.79 ± 22.08 76.33 ± 22.41 79.60 ± 22.57

eGFR <60 ml/min/
1.73m²

13438 (26.00) 1368 (30.83) 2994 (28.78) 3128 (28.09) 2261 (25.53) 1587 (24.35) 2100 (20.32)

CKD stages

Stage 1 2485 (4.81) 188 (4.24) 480 (4.61) 515 (4.63) 435 (4.91) 325 (4.99) 542 (5.24)

Stage 2 4128 (7.99) 430 (9.69) 1016 (9.77) 978 (8.78) 728 (8.22) 412 (6.32) 564 (5.46)

Stage 3a 8395 (16.24) 840 (18.93) 1838 (17.67) 1939 (17.42) 1409 (15.91) 1016 (15.59) 1353 (13.09)

Stage 3b 3592 (6.95) 367 (8.27) 816 (7.84) 856 (7.69) 617 (6.97) 414 (6.35) 522 (5.05)

Stage 4 1201 (2.32) 131 (2.95) 273 (2.62) 268 (2.41) 204 (2.30) 136 (2.09) 189 (1.83)

Stage 5 250 (0.48) 30 (0.68) 67 (0.64) 65 (0.58) 31 (0.35) 21 (0.32) 36 (0.35)

Diabetes-related variables

Diabetes durations
(years)

6.49 ± 6.56 4.73 ± 5.77 5.71 ± 6.11 6.87 ± 6.74 7.22 ± 6.78 7.37 ± 6.83 6.46 ± 6.54

Type of antidiabetes
medication

Diet/exercise or oral
monotherapies

10989 (21.26) 1973 (44.47) 3551 (34.14) 2350 (21.11) 1274 (14.39) 772 (11.85) 1069 (10.34)

Oral
polypharmacotherapies

33008 (63.87) 2217 (49.97) 6114 (58.78) 7529 (67.62) 6177 (69.75) 4355 (66.83) 6616 (64.02)

Insulin treatments 7684 (14.87) 247 (5.57) 737 (7.09) 1255 (11.27) 1405 (15.86) 1390 (21.33) 2650 (25.64)

Drug-related variables

Antihypertensive
medication

19219 (37.19) 1725 (38.88) 4225 (40.62) 4451 (39.98) 3416 (38.57) 2355 (36.14) 3047 (29.48)

Diabetes-related diseases

Obesity (BMI �27 kg/m2) 18538 (35.87) 1556 (35.07) 3839 (36.91) 4201 (37.73) 3290 (37.15) 2422 (37.16) 3230 (31.25)

BMI (kg/m2) 25.59 ± 3.79 25.57 ± 3.84 25.71 ± 3.71 25.78 ± 3.69 25.78 ± 3.80 25.65 ± 3.82 25.06 ± 3.90

Hypertension 22470 (43.48) 2055 (46.32) 4867 (46.79) 5261 (47.25) 4016 (45.35) 2773 (42.55) 3498 (33.85)

SBP (mmHg) 134.59 ± 17.92 134.89 ± 17.87 134.55 ± 17.47 135.3 ± 17.60 135.01 ± 17.67 135.19 ± 18.35 133.01 ± 18.55

DBP (mmHg) 80.05 ± 10.73 79.38 ± 11.07 79.61 ± 10.53 80.03 ± 10.51 80.14 ± 10.59 80.71 ± 10.81 80.31 ± 11.04

Hyperlipidemia 12354 (23.90) 953 (21.48) 2649 (25.47) 2884 (25.90) 2198 (24.82) 1598 (24.52) 2072 (20.05)

Neuropathy 5122 (9.91) 359 (8.09) 880 (8.46) 973 (8.74) 949 (10.72) 764 (11.72) 1197 (11.58)

Severe hypoglycemia 2132 (4.13) 242 (5.45) 467 (4.49) 475 (4.27) 366 (4.13) 260 (3.99) 322 (3.12)

DKA 719 (1.39) 65 (1.46) 126 (1.21) 123 (1.10) 122 (1.38) 98 (1.50) 185 (1.79)

HHNK 1103 (2.13) 99 (2.23) 189 (1.82) 209 (1.88) 198 (2.24) 143 (2.19) 265 (2.56)

CVA 2732 (5.29) 292 (6.58) 557 (5.35) 572 (5.14) 489 (5.52) 372 (5.71) 450 (4.35)

(Continued)
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interaction between HbA1c and types of antidiabetes medication (w210 = 689.99, P< .001) on
ESRD risk were observed.

Discussion
We used NDCMP data and nationwide NHI claims data to estimate the incidence of ESRD
from 2002 to 2011, and evaluate the association between baseline HbA1c and incident ESRD in
patients with type 2 diabetes. A total of 2613 patients were diagnosed with new-onset ESRD
during follow up. The lowest incidence of ESRD was 4.29 per 1000 person-years in the groups

Table 1. (Continued)

Characteristica HbA1c

Total
(n = 51681)

<6.0% (n = 4437;
8.59%)

6.0–6.9%
(n = 10402;
20.13%)

7.0–7.9%
(n = 11134;
21.54%)

8.0–8.9%
(n = 8856;
17.14%)

9.0–9.9%
(n = 6517;
12.61%)

�10.0%
(n = 10335;
20.00%)

Coronary artery disease 4520 (8.75) 383 (8.63) 940 (9.04) 1053 (9.46) 842 (9.51) 588 (9.02) 714 (6.91)

Congestive heart failure 1247 (2.41) 112 (2.52) 271 (2.61) 296 (2.66) 198 (2.24) 171 (2.62) 199 (1.93)

Cancer 1072 (2.07) 97 (2.19) 231 (2.22) 229 (2.06) 209 (2.36) 128 (1.96) 178 (1.72)

Deathc 10445 (20.21) 939 (21.16) 2000 (19.23) 2144 (19.26) 1750 (19.76) 1334 (20.47) 2278 (22.04)

IDR of death (per 1,000
person-years)d

24.68 25.98 23.33 23.34 24.03 25.06 27.33

Data were presented as mean±SD for continuous variables or n (%) for categorical variables. IDR: incidence density rate; FPG: fasting plasma glucose;

HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; eGFR: estimated glomerular filtration rate; BMI: body mass index;

SBP: systolic blood pressure; DBP: diastolic blood pressure; DKA: diabetic ketoacidosis; HHNK: hyperglycemic hyperosmolar nonketotic coma; CVA:

cerebral vascular accident.

a: All P-values were less than .05 for comparing HbA1c groups.

b: Geometric mean was presented.

c: The number of death included patients who died either with or without ESRD during the follow-up period.

d: IDR = number of incidence cases/person-years*1000.

doi:10.1371/journal.pone.0130828.t001

Table 2. ESRD incidence and risk at different HbA1c levels.

HbA1c
(%)

No of ESRD
cases

Pearson-
years

IDR (95% CI)a Age- and gender-
adjusted
model HR (95% CI)

Adjusted model 1 HR
(95% CI)

Adjusted model 2 HR
(95% CI)

<6.0 155 35734.32 4.34 (3.65, 5.02) 1.42 (1.17, 1.73)*** 2.04 (1.66, 2.51) *** 1.99 (1.62, 2.44) ***

6.0–6.9 364 84917.23 4.29 (3.85, 4.73) 1.00 1.00 1.00

7.0–7.9 465 90800.38 5.12 (4.66, 5.59) 1.79 (1.55, 2.07) *** 1.86 (1.59, 2.19) *** 1.86 (1.58, 2.18) ***

8.0–8.9 422 71827.18 5.88 (5.31, 6.44) 2.15 (1.86, 2.49) *** 2.12 (1.80, 2.49) *** 2.08 (1.77, 2.45) ***

9.0–9.9 365 52437.64 6.96 (6.25, 7.67) 2.70 (2.32, 3.14) *** 2.59 (2.19, 3.07) *** 2.50 (2.11, 2.96) ***

�10 842 81506.59 10.33 (9.63,
11.03)

4.30 (3.79, 4.89) *** 4.51 (3.88, 5.24) *** 4.42 (3.80, 5.14) ***

P for trend < .001 < .001 < .001

***: P < .001.

a: The unit is per 1,000 person-years.

IDR: incidence density rate (= number of incidence cases/person-years*1000). Adjusted model 1: age, sex, diabetes durations, smoking, drinking,

obesity, hypertension, antihypertensive medication, hyperlipidemia, type of antidiabetes medication, baseline eGFR. Adjusted model 2: neuropathy,

severe hypoglycemia, DKA, HHNK, cerebral vascular accident, coronary artery disease, congestive heart failure, and cancer in addition to variables in

adjusted model 1.

doi:10.1371/journal.pone.0130828.t002
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with HbA1c levels of 6.0%–6.9%; the highest ESRD incidence was 10.33 per 1000 person-years
in the HbA1c of� 10.0% group. A J-shaped relationship between HbA1c and ESRD risk was
observed in the entire sample. Moreover, interaction between HbA1c and types of antidiabetes
medication on ESRD risk was significant (P< .05).

A study in South Korea was performed to assess the appropriate HbA1c level for minimiz-
ing ESRD incidence in diabetic patients by using the Seoul National University Bundang Hos-
pital database [13]. The authors demonstrated that the cumulative incidence of ESRD was
directly proportional to baseline HbA1c level: 1.3% in HbA1c< 6.5%, 1.8% in HbA1c 6.5%–

7.49%, and 2.7% in HbA1c�7.5% (P = .017). The risks of ESRD in HbA1c 6.5%–7.49% and�
7.5% were significantly increased compared with that in HbA1c< 6.5%, respectively. Because

Fig 1. Cumulative incidence curves of ESRD according to clinical criteria of HbA1c levels.

doi:10.1371/journal.pone.0130828.g001

Fig 2. Adjusted HRs and their 95% CIs for ESRD based on HbA1c levels of�10.0% and < 6.0%. Adjusted HRs of ESRD risk by baseline HbA1c
according to sex (women or men), age (< 65 or�65 years), eGFR (�60 or < 60 ml/min/1.73 m2), and type of antidiabetes medication (diet and exercise or
oral monotherapies, oral polypharmacotherapies, and insulin treatments). The HRs were adjusted for age, sex, diabetes durations, smoking, drinking,
obesity, hypertension, antihypertensive medication, hyperlipidemia, type of antidiabetes medication, baseline eGFR, neuropathy, severe hypoglycemia,
DKA, HHNK, cerebral vascular accident, coronary artery disease, congestive heart failure, and cancer, except for stratified variable. Significant interaction
between HbA1c and sex (w25 = 105.41, P < .001); between HbA1c and age (w25 = 38.80, P < .001); between HbA1c and eGFR (w25 = 52.42, P < .001); and
between HbA1c and types of antidiabetes medication (w2

10 = 689.99, P < .001) on ESRD risk. **: P < .01; ***: P < .001.

doi:10.1371/journal.pone.0130828.g002
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of the limited sample size and hospital-based study design, the authors did not evaluate the
effect of a more extreme cutoff point of HbA1c on ESRD risk. Our study revealed that HbA1c
< 6.0% or�7.0% increased the risk of incident ESRD in the entire sample of the Han Chinese
population, with a greater variation of this effect in subgroups based on eGFR level and types
of antidiabetic medication.

Our study observed a J-shaped relationship between HbA1c level and ESRD, in contrast, a
population-based cohort study in Canada conducted by Shurraw et al did not observe an over-
all relationship between HbA1c level and ESRD [12]. They found significant interaction
between HbA1c and eGFR on ESRD risk, i.e., HbA1c level> 9% was associated with increased
risk of ESRD associated at higher level of baseline eGFR. In our study, we also observed the sig-
nificant interaction between HbA1c and eGFR levels, which was consistent with those reported
by Shurraw et al. The Canadian population-based cohort study had 2 crucial limitations: they
could not control for certain potential confounders, such as the use of insulin or other medica-
tions and laboratory markers, and they could not distinguish between type 1 and type 2 diabe-
tes [12]. Furthermore, they did not consider competing risk analysis. The traditional Cox
regression does not taking competing risks into account. As for the relationship between
HbA1c level and all-cause mortality, a significant linear relationship was observed in our study;
the risk of mortality increased as the level of HbA1c increased (P for trend:< .001, HR: 1.04,
95% CI: 1.03–1.06 for every 1% increment in HbA1c).

In previous RCTs exploring the effect of intensive glucose control intervention on DN, 2
RCTs have demonstrated that intervention targeting intensive glucose control can reduce the
risk of new-onset micro- and macroalbuminuria in type 2 diabetes patients [8, 9], but 2 other
RCTs have lacked evidence [10, 11]. Inconsistencies also exist regarding the relationships
between strict glycemic control and ESRD [8–11]. Furthermore, Coca et al performed meta-
analysis to assess the role of tight glucose control intervention in the development of surrogate
and clinical renal endpoints in type 2 diabetes patients [18]. They concluded that strict glyce-
mic control intervention could reduce the risk of micro- and macroalbuminuria, but lacked
evidence related to ESRD. These RCT studies provided experimental evidence, but did not
reveal the natural relationship between HbA1c and ESRD. The results of these RCTs indicate
that the median HbA1c level was approximately 6.5%–7.0% in the intensive-therapy group,
with 5–10 years of follow up [8–11, 19, 20], which was lower than those in the standard therapy
group (approximately 7.0%–8.4%).

DN is a complex disease, and multiple mechanisms contribute to DN development. Hyper-
glycemia plays a pivotal role in DN development, which affects mesangial cells and glomerular
injury. Mesangial cells are of critical importance to kidney function in maintaining glomerular
capillary structure and regulating glomerular filtration [21]. Previous studies have demon-
strated that hyperglycemia is linked to increased mesangial cell matrix production [22, 23] and
mesangial cell apoptosis [24, 25]. Three mechanisms have been proposed to explain how
hyperglycemia can lead to tissue damage, including nonenzymatic glycosylation, activation of
protein kinase C, and acceleration of the polyol pathway [26, 27]. A possible explanation for
the increased risk of ESRD for HbA1c< 6.0% is that diabetic patients with low levels of HbA1c
are likely to have hypoglycemia, which results in increased risk of hyperglycemia [28]. A previ-
ous study revealed that hyperglycemia after hypoglycemia could worsen endothelial function
and increase oxidative stress and inflammation [28].

The current study has several strengths. First, we used nationwide data with a large sample
size, and all patients diagnosed with diabetes were invited to participate in the NDCMP, which
provides a set of integrated examinations and performance measures for participants. Second,
the NHI program in Taiwan provides continuing universal coverage for the entire population,
which avoids selection bias. Third, using NHI datasets eliminated the need to minimize the
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number of cohort participants lost to follow up. In addition, we easily obtained a large sample
of geographically dispersed patients. Fourth, we defined the new-onset ESRD cases based on
the Registry for Catastrophic Illness Patients Database, which resulted in the high ascertain-
ment validity of the ESRD cases. This could minimize ESRD misclassification bias. Finally, we
controlled for numerous crucial clinical and demographic factors, such as laboratory markers,
types of antidiabetes medication, antihypertensive medication, and diabetes-related comorbidi-
ties, which could minimize the effect of potential confounders.

Nevertheless, three limitations deserve to be mentioned. First, we did not conduct repeated
measurements of HbA1c for all the study participants within 1 year of the follow-up period to
reduce the random error of once HbA1c measurement. Using approximately 60% of the partic-
ipants, the mean value of HbA1c measurements obtained within 1 year is a significant predic-
tor of ESRD risk, demonstrating a J-shaped relationship between HbA1c and ESRD risk.
Second, we also did not acquire the HbA1c measurement for the later follow-up period; thus,
we could not examine the effect of time-varying HbA1c on ESRD risk. Finally, some patients
(n = 250, 0.48%) with CKD stage 5 in baseline assessments were included. Prior studies have
provided evidence that HbA1c levels were false low [29–31] due to renal anemia and reduced
lifespan of erythrocytes in patients with chronic dialysis. To rule out the impact of chronic dial-
ysis on our findings, we have excluded patients with chronic dialysis at baseline. Thus, the pos-
sibility that our findings about the association between low HbA1c level and higher incidence
of ESRD was explained by chronic dialysis can be minimized.

Conclusion
In conclusion, our data suggest that a low or high HbA1c value is linked to increased ESRD
risk in the population of Chinese patients with type 2 diabetes in Taiwan. Our findings are con-
sistent with the literature indicating that HbA1c level plays a crucial role in ESRD develop-
ment. Diabetes care has focused on preventing hyperglycemia, but has ignored hypoglycemia.
Because a low level HbA1c has the potential risk of causing ESRD to develop, appropriate gly-
cemic control is essential for minimizing ESRD risk, which should be emphasized in diabetes
care. Clinicians need to pay attention to HbA1c results on DN.
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