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Objective: To explore the association between glycated hemoglobin (A1C)
variability and renal disease progression in patients with diabetes mellitus.
Methods: A comprehensive search was performed using the PubMed and Embase
databases (up to April 26, 2014). The hazard ratio (HR) was pooled per unit
increase in the standard deviation of A1C (A1C-SD) to evaluate the dose-response
relationship between A1C-SD and the risk of nephropathy.
Results: Eight studies with a total of 17,758 subjects provided the HR for A1C-SD
and were included in the final meta-analysis. The pooled HR results demonstrated
that A1C-SD was significantly associated with the progression of renal status (HR
for both T1DM and T2DM 1.43, 95% confidence interval [CI] 1.24–1.64; HR for
T1DM 1.70, 95%CI 1.41–2.05; HR for T2DM 1.20, 95%CI 1.12–1.28). A1C-SD was
significantly correlated with new-onset microalbuminuria (HR for T1DM 1.63,
95%CI 1.28–2.07; HR for T2DM 1.23, 95%CI 1.08–1.39). These outcomes were
also supported in subgroup analyses. Furthermore, sensitivity analyses
demonstrated that the results were robust.
Conclusions: A1C variability is independently associated with the development of
microalbuminuria and the progression of renal status in both type 1 and 2 diabetes
patients. A standard method for measuring A1C variability is essential for further
and deeper analyses. In addition, future studies should assess the effect of
reducing A1C variability on nephropathy complication.
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Introduction
Long-term glycemic stability protects against vascular complications in both type
1 [1] and type 2 diabetes mellitus [2]. Abundant evidence and guidelines have
defined appropriate A1C levels, a marker of mean blood glucose levels, as a
priority therapeutically [3].
Evidence has suggested that chronic hyperglycemia is responsible for the
development of complications in diabetes patients. In recent years, a number of
studies have focused on whether glucose variability could be a predictor of
complications. However, glucose variability could be defined in several ways:
within-day variability, between-day variability, and long-term variability
expressed using changes in A1C [4]. A post-hoc analysis of the Diabetes Control
and Complications Trial (DCCT) first described that A1C variability, similar to
mean A1C levels, could predict the development of nephropathy and retinopathy
in T1DM patients [5]. Another analysis performed by Sugawara et al [6] also
demonstrated that the intra-person standard deviation in A1C (A1C-SD) was an
independent risk factor for the development of microalbuminuria in T2DM.
Recently, an increasing number of studies have focused on the correlation
between A1C variability and the risk of nephropathy. However, no systemic
review has been performed on this subject. Therefore, we conducted this metaanalysis to evaluate the effect of A1C variability on nephropathy complications in
patients with diabetes mellitus.

Methods
This review was conducted and reported according to PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analysis; S1 Checklist).

Search strategy
A literature search was performed using the PubMed and Embase databases with
no language restrictions to identify studies published before April 26, 2014. The
main search term was a combination of MESH terms and text words for glycated
hemoglobin variability and nephropathy. The detailed search strategies are
presented in S1 File. The reference lists of all identified studies were also checked
to identify any additional relevant studies. All literature management was
performed using Endnote X4.

Study selection criteria
The study selection criteria were as follows. (1) Studies that measured A1C
variability, either as the coefficient of variation of A1C (A1C-CV) or A1C-SD.
(2) Studies that investigated the association between A1C variability and the
progression of renal status (defined as microalbuminuria development, any
increase in albuminuria, or the progression to chronic kidney disease, which was
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defined as an estimated glomerular filtration rate (eGFR) ,60 ml/min/1.73 m2 or
the progression to ESRD). (3) Hazard ratios (HRs) and their 95% confidence
intervals (CI) could be extracted.

Data extraction
DC and FY extracted the data independently using electronic extraction forms.
The extracted data included the authors, study titles, publication year, country,
age of patients at enrollment, number of subjects, study design, follow-up
duration, the definition of A1C variability, HR and 95%CIs, variable adjustment,
and renal outcome. Discrepancies were resolved by consensus or by consultation
with a third reviewer.

Quality assessment
A nine-score system of the Newcastle–Ottawa quality assessment scale (NOS) was
applied to assess the quality of the included studies according to three broad
perspectives: the selection of the study groups (0–4 points), the comparability of
the groups (0–2 points), and the ascertainment of either the exposure or outcome
of interest (0–3 points) [7]. Disagreement on the score was resolved by discussion
between reviewers.

Data analysis and synthesis
The HRs were pooled per unit increase in A1C-SD to estimate the dose-response
associations between A1C-SD and the risk of nephropathy. A1C-SD was either
reported in the included publications or was calculated from the categorical data
by estimating the generalized least-squares trend [8]. A random-effects model was
applied for the pooled analyses. For studies that performed classifications using
quartiles of standard deviations [9], the midpoints of the lower and upper
quartiles were assigned to the HR of the corresponding category. For cases in
which the lowest or highest category was open-ended, the length of the category
was estimated using the amplitude of the adjacent ones. The pooled HR for A1CCV was absent from the final meta-analysis because of a lack of sufficient trials.
The heterogeneity across trials was assessed using x2 tests (P ,0.10) and I2 tests. I2
values of 25%, 50%, and 75% corresponded to low, medium, and high levels of
heterogeneity, respectively [10]. Subgroup analyses were performed based on the
types of diabetes mellitus, age (adolescent or adult), renal outcome (microalbuminuria onset, the exacerbation of renal function or albuminuria), and
sample size (,1000 or $1000). Sensitivity analyses were conducted by eliminating
unpublished trials, excluding trials with a mean follow-up duration ,5 years,
removing trials that reported crude SDs, and by calculating fixed effects models.
Publication bias was determined using Egger’s test. As reported previously [11],
the sensitivity of Egger’s tests is generally low when ,20 trials are included;
therefore, the trim and fill method was used to estimate the influence of the
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missing studies [12]. Data analyses were performed using STATA software
(Version 12. College Station, TX, USA).

Results
Search results and characteristics of the included studies
Fig. 1 shows a flow chart of the trial selection process. A total of 533 relevant
records from electronic databases were identified, and 366 were kept after
removing duplicates. The full text of 17 of these publications was reviewed after
reading the title and abstract. Ultimately, nine studies including one conference
abstract (four and five studies on T1DM and T2DM, respectively) were retrieved
for this review [5–6, 9, 13–18]. The characteristics of the included trials (eight
cohort studies and one post-hoc RCT study) are presented in Table 1. A1C
variability was expressed in several ways: A1C-CV in one cohort trial, A1C-SD in
seven trials, and both in one study.
In the end, eight studies that reported HRs for A1C-SD for a total of 17,758
subjects were included in the final meta-analysis. These studies were performed in
seven countries (Canada, China, Finland, Japan, Spain, the United Kingdom, and
the United States). The mean follow-up durations were between 4.3 and 7.2 years.
The enrollment sample size ranged from 812–8439 subjects.
Of these eight studies, two reported crude SDs and six provided adjusted SDs
for A1C. The frequency of A1C measurements ranged from two to 20. The mean
A1C ranged from 7.1% to 9.5%, whereas the mean A1C-SD was 0.59–1.03. All
studies were conducted using multivariate Cox’s proportional hazards models
after adjustment for mean A1C or A1C at baseline. Other common adjustment
variables included age, gender, blood pressure, and diabetes duration.
Four of the enrolled trials analyzed each T1DM and T2DM. In addition, five
studies established an independent association between A1C-SD and the
development of microalbuminuria, of which three were on T1DM and two on
T2DM. The remaining three articles, one on T1DM and two on T2DM, reported
the following subjects as renal endpoints: any increase in albuminuria or the
progression to ESRD, incident chronic kidney disease, and the development or
progression of nephropathy. The NOS scores ranged from five to nine.

Main meta-analysis results
Comprehensive integration and analyses of both T1DM and T2DM revealed a
significant correlation between A1C-SD and the risk of renal progression (HR
1.43, 95%CI 1.24–1.64). The heterogeneity was high (I2578.4%; p50.000; Fig. 2).
Subgroup analyses were also conducted according to the type of diabetes. Results
for T1DM patients illustrated that A1C-SD was significantly associated with the
progression of renal status (HR 1.70, 95%CI 1.41–2.05); the heterogeneity was
moderate (I2544.1%; p50.147; Fig. 2). For T2DM patients, A1C variability
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Fig. 1. Study flow chart of trial selection and exclusion.
doi:10.1371/journal.pone.0115509.g001

increased the risk of progression of renal status (HR 1.20, 95%CI 1.12–1.28), and
the heterogeneity was low (I2516.6%; p50.308; Fig. 2).

Subgroup analysis
Subgroup analyses were performed regarding renal outcome, which indicated that
A1C-SD was significantly associated with the risk of microalbuminuria onset (HR
for T1DM 1.63, 95%CI 1.28–2.07; HR for T2DM 1.23, 95%CI 1.08–1.39). Other
subgroup analyses were performed according to age and sample size. The
association between A1C-SD and renal endpoints was consistently positive and
significant among subgroups (Table 2).
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* In this trial, 16% of included individuals were adolescent (13–18 years); $, A1C at the study eligibility stage; #, Age at diagnosis; &, an erratum HR from the author; aSD, adjusted SD
of A1C; cSD, crude SD of A1C; CV, the coefficient of variation of A1C; NR, not reported; BP, blood pressure; BMI, body mass index; A1C, glycated hemoglobin A1C; eGFR, estimated
glomerular filtration rate; ACR, albumin-creatinine ratio; HR, hazard ratio.
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Table 1. Cont.
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Sensitivity analysis
Sensitivity analyses were performed by eliminating unpublished trials, excluding
those with a mean follow-up duration ,5 years, only including the trials that used
adjusted SDs, and then calculating a fixed effects model. The effect sizes were all
similar in magnitude and direction to the overall estimates (Table 3). The
sensitivity analyses showed that the results were robust.

Publication bias
Egger’s tests indicated there might be a publication bias for primary outcome
(P50.007). Regarding the effect of the missing studies, a trim and fill analysis was
conducted. After filling five studies, the results remained positive (HR 1.18,
95%CI 1.03–1.35).

Fig. 2. Forest plot of the relationship between A1C-SD and the progression of renal status.
doi:10.1371/journal.pone.0115509.g002
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Table 2. Subgroup analysis of the relationship between A1C-SD and renal disease.
Trial

Pooled HR(95% CI)

I2 (p value)

Adolescent

14–15

1.56 (1.08, 2.25)

I2567.4% (p50.08)

Adult

5,13

1.87 (1.54, 2.25)

I250% (p50.740)

Microalbuminuria onset

5,14–15

1.63 (1.28,2.07)

I2550.2% (p50.134)

Exacerbation of renal function or
albuminuria

13

1.92 (1.48, 2.47)

NA

$1000

5,13–14

1.65 (1.30, 2.09)

I2558.0% (p50.093)

,1000

15

1.91 (1.37, 2.66)

NA

Microalbuminuria onset

6,9

1.23(1.08,1.39)

I250% (p50.389)

Exacerbation of renal function or albuminuria

16–17

1.22(1.05,1.42)

I2557.7% (p50.124)

$1000

16–17

1.22(1.05,1.42)

I2557.7% (p50.124)

,1000

6,9

1.23(1.08,1.39)

I250% (p50.389)

Subgroup
Type 1
Age

Renal outcome

Sample Size

Type 2
Renal outcome

Sample Size

NA, not applicable.
doi:10.1371/journal.pone.0115509.t002

Discussion
The results of this meta-analysis indicated that A1C variability was independently
associated with the development of microalbuminuria and the progression of
renal status in both type 1 and 2 diabetes patients. In addition, the relationship
Table 3. Sensitivity analysis of the relationship between A1C-SD and renal disease.
Trial

Pooled HR (95% CI)

I2 (p value)

Fixed model analysis

5–6, 9, 13–17

1.22(1.17,1.28)

I2578.4% (p50.000)

Excluding unpublished trials

5–6,9, 3–14,16–17

1.38 (1.20, 1.58)

I2576.4% (p50.000)

Excluding crude SD trial

5–6,9,14,16–17

1.29 (1.16, 1.44)

I2559.5% (p50.030)

Excluding trials with follow-up ,5 years

5, 9,13,15–17

1.47 (1.23, 1.75)

I2584.1% (p50.000)

Fixed model analysis

5,13–15

1.69 (1.47, 1.95)

I2544.1% (p50.147)

Excluding unpublished trial

5,13–14

1.65 (1.30, 2.09)

I2558.0% (p50.093)

Excluding crude SD trial

5,14

1.53 (1.12, 2.08)

I2561.7% (p50.106)

Excluding trials with follow-up,5 years

5,13,15

1.88 (1.59, 2.21)

I250% (p50.940)

Fixed model analysis

6,9,16–17

1.18 (1.13, 1.24)

I2516.6% (p50.308)

Excluding trials with follow-up ,5 years

9,16–17

1.18 (1.11, 1.26)

I2516.8% (p50.301)

Type analysis
Both Type 1 and Type 2

Type 1

Type 2

doi:10.1371/journal.pone.0115509.t003
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between A1C-SD and renal endpoints was consistently positive and significant in
subgroup analysis, and sensitivity analyses indicated that the results were robust.
Hyperglycemia is closely related to diabetes complications including retinopathy, nephropathy, and cardiovascular disease (CVD). As such, significant
attention is paid to whether variations in glucose are a risk factor for
complications in diabetes patients. Although there are several definitions of
glycemic variability, it commonly refers to intra- and inter-day fluctuations in
blood glucose. However, for T1DM patients, Kilpatrick et al used data from the
DCCT and did not find any evidence of a relationship between glycemic variables
and the development of microvascular complications using seven-point blood
glucose profiles [19–21]. In T2DM patients, previous evidence revealed that the
coefficient of variation in fasting plasma glucose and postprandial blood glucose
levels were independent predictors of cardiovascular events and mortality [22–
24]. However, no improvements in complications were found from trials of
intervention in glucose variability [4].
In recent years HbA1c variability, a new parameter for long-term glycemic
variability, emerged to further reflect changes in blood glucose over long periods
of time, which correlates with the changes in HbA1c levels between visits. HbA1c
variability was independently associated with the development of vascular
complications in diabetes patients. This relationship was supported by a
comprehensive analysis of HbA1c and nephropathy in the current meta-analysis.
In addition, studies that were excluded from the current analysis showed similar
results. Lin et al performed a retrospective cohort study of 3,220 type 2 diabetes
patients with a mean follow-up duration of 4.4 years to assess the relationship
between annual variation in A1C and incident diabetic nephropathy (eGFR
,60 ml/min/1.73 m2). After multivariate adjustment, the annual A1C-CV was
significantly associated with the incidence of diabetic nephropathy. The
corresponding HR for the third vs. the first tertile of annual A1C-CV was 1.58
(95%CI, 1.19–2.11) [18]. An additional study was a cross-sectional analysis of the
Renal Insufficiency and Cardiovascular Events (RIACE) Italian Multicenter Study.
This study included 8260 Caucasian type 2 diabetes patients from nine centers
from whom three to five A1C readings were obtained over a 2-year period. Mean
A1C and A1C-SD was 7.57% and 0.46%, respectively. The variability in A1C was
independently correlated with albuminuria and albuminuric CKD, but not with
non-albuminuric CKD [25].
There are several possible mechanisms to explain the association between A1C
variability and nephropathy. First, increased A1C variability could be a signal of
previous poor glycemic control. The metabolic memory phenomenon suggests
that diabetic nephropathy continues to occur even after good control has been
established [26–27]. Second, highly variable A1C was associated with some
baseline factors, such as increased smoking, higher blood pressure, and an
increased prevalence of peripheral neuropathy and peripheral vascular disease
[6, 13, 17–18]. Therefore, A1C variability might be indicative of unhealthy lifestyle
behavior, non-compliance, comorbidities, or complications associated with the
development of diabetic nephropathy. Finally, a number of primary studies
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revealed that glucose fluctuations might activate oxidative stress, which plays a
major role in the development of diabetic complications [28]. However, most
studies were based on short-term glycemic variability [29–30]. Therefore, future
studies should assess whether long-term glycemic variability affects oxidative
stress.
To the best of our knowledge, this study is the first meta-analysis to assess the
association between A1C variability and the risk of progression of renal status.
The eight included articles were either cohort or post-RCT studies, mostly with a
NOS score of $7; therefore, they improved the quality of the final results.
Moreover, sufficient subgroup and sensitivity analyses contributed to the stability
of this review.
However, some limitations should also be noted. First, among the included
studies differences in A1C measurements, the frequency in testing, the interval
time between tests, and the methods used to calculate SDs all contribute to the
heterogeneity of the data. Although the results of sensitivity analysis were stable, a
uniform and standard measurement should be established for A1C variability in
the future. Second, the definition for the renal end-point varies among studies,
although the results based on a combined definition were significant. Further
studies should be performed to specify the relationship between A1C variability
and different kinds of renal outcome. Third, although confounding factors were
partially adjusted using multivariate regression analysis in most of the included
studies, this remains a limitation because of the failure to control all factors
simultaneously in observational studies. Further studies should assess the effect of
reducing A1C variation on nephropathy complications. Finally, the result of
Egger’s test, which might be doubtful when the sample size is ,20, suggested a
potential publication bias in this review. Therefore, trim and fill analyses were
performed and missing studies had no significant influence on the results.
In conclusion, high A1C variability, a parameter of long-term glycemic
variability, increases the risk of nephropathy. These results suggest that A1C
variability is an important component of the primary and secondary prevention of
diabetic complications. Meanwhile, developing a standardized system to evaluate
A1C variability and perform interventional studies is critical to assess the
correlation between therapies that reduce A1C variability and renal prognosis.
Moreover, additional studies should explore the physiopathological mechanism of
A1C instability that leads to renal complications.
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16. Rodrı́guez-Segade S, Rodrı́guez J, Garcı́a López JM, Casanueva FF, Camiña F (2012) Intrapersonal
HbA(1c) variability and the risk of progression of nephropathy in patients with Type 2 diabetes. Diabet
Med 29:1562–1566.
17. Luk AO, Ma RC, Lau ES, Yang X, Lau WW, et al. (2013) Risk association of HbA1C variability with
chronic kidney disease and cardiovascular disease in type 2 diabetes: prospective analysis of the Hong
Kong Diabetes Registry. Diabetes Metab Res Rev 29:384–390.
18. Lin CC, Chen CC, Chen FN, Li CI, Liu CS, et al. (2013) Risks of diabetic nephropathy with variation in
hemoglobin A1Cand fasting plasma glucose. Am J Med 126:1017.e1–10.
19. Kilpatrick ES, Rigby AS, Atkin SL (2006) The effect of glucose variability on the risk of microvascular
complications in type 1 diabetes. Diabetes Care 29:1486–1490.
20. Kilpatrick ES, Rigby AS, Atkin SL (2009) Effect of glucose variability on the long-term risk of
microvascular complications in type 1 diabetes. Diabetes Care 32:1901.
21. Siegelaar SE, Kilpatrick ES, Rigby AS, Atkin SL, Hoekstra JBL, et al. (2009) Glucose variability does
not contribute to the development of peripheral and autonomic neuropathy in type 1 diabetes: data from
the DCCT. Diabetologia 52:2229–2232.
22. Muggeo M, Verlato G, Bonora E, Zoppini G, Corbellini M, et al. (1997)Long-term instability of fasting
plasma glucose, a novel predictor of cardiovascular mortality in elderly patients with non-insulindependent diabetes mellitus: the Verona Diabetes Study. Circulation 96(6):1750–1754.
23. Muggeo M, Zoppini G, Bonora E, Brun E, Bonadonna RC, et al. (2000) Fasting plasma glucose
variability predicts 10-year survival of type 2 diabetic patients: the Verona Diabetes Study. Diabetes Care
23: 45–50.
24. Cavalot F, Pagliarino A, Valle M, Di Martino L, Bonomo K, et al. (2011) Postprandial blood glucose
predicts cardiovascular events and all-cause mortality in type 2 diabetes in a 14-year follow-up: lessons
from the San Luigi Gonzaga Diabetes Study. Diabetes Care 34:2237–2243.
25. Penno G, Solini A, Bonora E, Fondelli C, Orsi E, et al. (2013) HbA1C variability as an independent
correlate of nephropathy, but not retinopathy, in patients with type 2 diabetes: the Renal Insufficiency And
Cardiovascular Events (RIACE) Italian multicenter study. Diabetes Care 36:2301–2310.
26. Nathan DM, Cleary PA, Backlund JY, Genuth SM, Lachin JM, et al. (2005) Intensive diabetes
treatment and cardiovascular disease in patients with type 1 diabetes. N Engl J Med 353:2643–2653.
27. Tonna S, El-Osta A, Cooper ME, Tikellis C (2010) Metabolic memory and diabetic nephropathy:
potential role for epigenetic mechanisms. Nat Rev Nephrol 6:332–441.
28. Brownlee M (2005) The pathobiology of diabetic complications: a unifying mechanism. Diabetes
54:1615–1625.
29. Monnier L, Mas E, Ginet C, Michel F, Villon L, et al. (2006) Activation of oxidative stress by acute
glucose fluctuations compared with sustained chronic hyperglycemia in patients with type 2 diabetes.
JAMA 295:1681–1687.
30. Ceriello A, Esposito K, Piconi L, Ihnat MA, Thorpe JE, et al. (2008) Oscillating glucose is more
deleterious to endothelial function and oxidative stress than mean glucose in normal and type 2 diabetic
patients. Diabetes 57:1349–1354.

PLOS ONE | DOI:10.1371/journal.pone.0115509 December 18, 2014

13 / 13

