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Abstract: Acute kidney injury (AKI) is a common complication after

cardiac surgery. Recent studies have revealed emerging associations

between the magnitude of acute glycemic fluctuations and intensive care

unit (ICU) mortality rates. However, the effect of acute glycemic fluctu-

ations on the development of postoperative AKI remains unclear. Thus,

we aim to investigate the effect of the magnitude of acute perioperative

glycemic fluctuations on the incidence of postoperative AKI.

We conducted a prospective cohort study by prospectively obtaining

data from all patients who underwent elective coronary artery bypass

grafting in a tertiary heart institution from 2009 to 2011. The magnitude

of the difference between the highest and lowest perioperative glucose

levels within 48 hr was calculated as a measure of perioperative glycemic

fluctuation. Patients were divided into 4 groups for analysis based on the

magnitude of perioperative glycemic fluctuation-A: 0 to 2 mmol/L; B:

>2 to 4 mmol/L; C: >4 to 6 mmol/L; and D: >6 mmol/L. We analyzed

the incidence of postoperative AKI, ICU mortality and ICU length of stay

as primary and secondary outcomes, respectively. Both univariate and

multivariate analyses were used.

We analyzed data from 1386 patients. The overall incidence of AKI

was 29.9% and increased with wider glycemic fluctuation. The incidence

of AKI was statistically highest in Group D (38.3%), followed by Groups

C (28.6%), B (21.7%), and A (17.4%), respectively (P¼ 0.001). A

similar trend was observed among both diabetics and nondiabetics

(P¼ 0.001 and P¼ 0.002, respectively). Multivariate logistic regression

showed the magnitude of perioperative glycemic fluctuations to be an

independent risk factor in the development of AKI (P< 0.001, odds ratio

1.180, 95% confidence interval 1.116-1.247). ICU length of stay was

statistically highest in Group D (58.3 hr) compared with Groups C
. Ng, MBBS, Lian S, MMed,
BBS, MMed, FANZCA

they are associated with a significantly increased risk of AKI and ICU

length of stay in both the diabetics and the nondiabetics.

(Medicine 94(44):e1953)

Abbreviations: AKI = acute kidney injury, BMI = body mass

index, CABG = coronary artery bypass graft, ICU = intensive care

unit.

INTRODUCTION

A cute kidney injury (AKI) is a common complication fol-
lowing cardiac surgery, occurring in up to 30% of patients

postoperatively.1 Besides being an independent risk factor for
mortality, AKI also poses higher risks of developing long-term
complications including chronic kidney disease and end-stage
renal failure.2–5

Although hyperglycemia is a well-known risk factor for
AKI and poor intensive care unit (ICU) outcomes, recent studies
have revealed emerging associations between variations in
glucose levels and ICU mortality rates in medical and surgical
ICUs.6–8 Further study involving septic patients also showed
glycemic variability to be an independent risk factor for
mortality.9 Two studies looking at cardiac surgical patients
demonstrated that perioperative glycemic variation was a pre-
dictor of adverse ICU composite outcomes and events such as
hospital mortality, renal morbidity, myocardial infarction,
neurological impairment, and wound infection among other
complications.10,11 Higher glycemic variability has also been
associated with adverse renal outcomes in diabetic patients
suffering from urinary tract infection.12

Therefore, we aimed to investigate the effect of the
magnitude of acute perioperative glycemic fluctuations on
stoperative AKI in a multiethnic South-

east Asian population undergoing coronary artery bypass graft-
ing (CABG) in a tertiary heart centre.

METHODS
Following institutional review board approval from the

Singhealth Centralised Institutional Review Board, we prospec-
tively obtained data from all patients receiving elective isolated
CABG from January 1, 2009 to December 31, 2011, at a tertiary
heart centre in Singapore. Written informed consent was
obtained from all patients. Patients with pre-existing renal
impairment were excluded from the study. The minimum
sample size required was predetermined to be 1082 based on
a 30% prevalence rate of AKI, minimum number of positive
00, and a 95% probability.
ical practices and surgical management
ional standards. Anesthesia was induced
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stay was statistically highest (P¼ 0.003) in Group D (58.3 hr) as
with intravenous induction agents (Propofol or Etomidate) and
maintained with a balanced anesthesia regime using low-dose
Fentanyl (10–20 mg kg�1) in addition to volatile agents (prim-
arily Sevoflourane). Conventional cardiopulmonary bypass
circuits with heat exchangers, roller pumps, membrane oxyge-
nators, arterial blood filters, venous reservoirs, and cardiotomy
suction were utilized. Typically 1300 to 1400 mL of prime was
used in the CPB circuits. Perfusion targets include a hematocrit
of >22%, mild-to-moderate hypothermia (32–358C), nonpul-
satile flow rate of 2.2 to 2.4 L min�1 m�2, mean arterial pressure
of 50 to 70 mm Hg, glucose levels of below 10 mmol/L, and
activated clotting times of more than 400 sec. Cold blood
cardioplegia was used to achieve myocardial protection. Apro-
tinin was not utilized in any patients.

All patients were kept to a tight baseline blood glucose
control of within a range of 4 to 10 mmol/L, in accordance with
hospital protocol and the Society of Thoracic Surgeons Practice
Guideline series: Blood Glucose Management During Adult
Cardiac Surgery.13 In line with hospital protocol, glycemic
targets were strictly adhered to via insulin infusion and monitor-
ing every 2 to 4 hr or more frequently if required, up to the first
48 hr.

Serum creatinine values were obtained from the preopera-
tive period till discharge from the Cardiothoracic Surgical
Intensive Care Unit. The peak percentage and absolute change
in postoperative creatinine in the first 48 hr was calculated.
Serum creatinine level was determined via a dry-slide enzy-
matic reflectance technique.

Patient demographic data and characteristics were col-
lected. Preoperative, intraoperative and postoperative glucose
levels were collected. The magnitude of perioperative glycemic
fluctuation was defined as the difference between the highest
and lowest perioperative glucose levels documented within
48 hr. This was employed as a surrogate measure of acute
perioperative glycemic variation. Patients were then subdivided
into 4 groups for analysis based on the magnitude of glycemic
fluctuation—Group A: 0 to 2 mmol/L; Group B:>2 to 4 mmol/
L; Group C: >4 to 6 mmol/L; and Group D: >6 mmol/L.

The primary outcome was the incidence of AKI as charac-
terized using the Acute Kidney Injury Network (AKIN) criteria.
A positive incidence of AKI was defined by a minimum
increase of 150% or at least a 0.3 mg/dL rise in serum creatinine
from the preoperative baseline level. Patients with a new need
for renal replacement therapy were also determined to have
AKIN Stage 3 AKI. ICU length of stay and mortality rate were
analyzed as secondary outcomes.

Univariate analysis of population demographics, medical
history, preoperative risk factors, intra-operative variables, and
postoperative data was carried out. The Chi-squared test was used
in the analysis of categorical variables. A 2-tailed independent
samples t test was used in the analysis of continuous variables.
Variables with P < 0.05 on univariate analysis were selected for
inclusion in the multivariate logistic regression model.

For additional comparison of outcomes among the 4
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subgroups of glycemic fluctuation, a 1-way ANOVA with post

hoc tests was performed for continuous variables.

All analyses were carried out using SPSS version 20.

RESULTS
A total of 1481 patients underwent elective CABG with
open vein harvesting at the Singapore General Hospital from
2009 to 2011. Complete data were obtained for 1443 patients,
while 57 patients were excluded as they had pre-existing renal
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impairment. Therefore, a total of 1386 patients were analyzed.
The overall incidence of AKI was 29.9%.

On univariate analysis (refer to Table 1), patients who
developed AKI were more likely to be older, diabetic, and
hypertensive. They were also more likely to have a, higher
euroSCORE logistic, higher preoperative creatinine levels and
lower hemoglobin and hematocrit levels. Perioperatively,
patients who required intra-aortic balloon pumps, red blood
cell transfusion and with higher bypass times, and aortic cross
clamping times were more likely to develop AKI postopera-
tively.

A multivariate logistic regression of all significant factors
on univariate analysis was performed. Factors which signifi-
cantly affect the incidence of postoperative AKI are shown in
Table 2. The magnitude of perioperative glycemic fluctuation
was revealed to be an independent risk factor in the develop-
ment of AKI (P < 0.001, odds ratio 1.180, 95% confidence
interval 1.116–1.247). Other independent predictors of post-
operative AKI are depicted fully in Table 2.

The incidence of AKI increased as the magnitude of
glycemic fluctuation increased (Fig. 1). Upon comparison of
the 4 subgroups of glycemic fluctuation, the incidence of AKI
was statistically highest (P¼ 0.001) in Group D (38.3%),
followed by Groups C (28.6%), B (21.7%), and A (17.4%),
respectively (refer to Table 3). A similar trend was observed
among both the diabetics and the nondiabetics (P¼ 0.001 and
P¼ 0.002, respectively).

Secondary outcomes of ICU mean length of stay and
mortality rate are presented in Table 4. The magnitude of
glycemic fluctuation was associated with significantly
increased ICU length of stay, but not ICU mortality rate.
ICU mortality rate was not significantly different among
Groups A, B, C, and D (P¼ 0.172). However, ICU length of
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compared with Groups C (44.5 hr), B (37.3 hr), and A
(32.8 hr), respectively.

DISCUSSION
AKI is common but contributes significantly to postcar-

diac surgery mortality and morbidity.14 Our incidence of AKI
was 29.9%, which is consistent with previously reported inci-
dences of up to 30%.15

Our study showed that the magnitude of glycemic fluctu-
ation is independently associated with the development of
postoperative AKI in both the diabetics and the nondiabetics.
This corroborates with the aforementioned studies involving
general medical patients, surgical patients, ICU populations,
outpatient diabetics, and septic patients.8–11,16,17

The surgical stress associated with CABG predisposes
patients to stress-induced hyperglycemia and associated com-
plications including increased mortality.18,19 Hyperglycemia is
known to induce neutrophil, monocyte, and endothelial dys-
function, as well as proinflammatory cytokine expression.20

Similarly, acute hyperglycemia has also been postulated to
cause AKI via oxidative damage, iNOS activation, and hypoxic
reperfusion injury in addition to the aforementioned mechan-
isms.21

However, it is increasingly recognized that acute glucose
fluctuations are a more specific trigger of oxidative stress, when
compared with chronic sustained hyperglycemic states.17 This

is consistent with our findings, and postulated mechanisms to
explain this include the augmentation of the proapoptotic effects
of high glucose via the production of mitochondrial superoxide,
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TABLE 1. Clinical Characteristics and Acute Kidney Injury

N (%)/Mean�SD

Characteristics and Demographics No AKI (N¼ 972) AKI (%) (N¼ 414) P Value

Patient characteristics
Age, yr 59� 9 63� 9 <0.001
BMI, kg/m2 25.3� 3.8 26.1� 4.5 0.001
Gender: Male 838 (86.2) 339 (81.9) 0.039
Ethnicity: Chinese 671 (69.0) 246 (59.4) <0.001
Ethnicity: Malay 118 (12.1) 85 (20.5)
Ethnicity: Indian 125 (12.9) 55 (13.3)
Ethnicity: Others 58 (6.0) 28 (6.8)
Diabetic 482 (49.6) 238 (57.5) 0.007
Preoperative creatinine, mmol/L 88.3� 31.5 107.8� 54.9 <0.001
Preoperative hemoglobin, g/dL 13.8� 1.5 13.1� 1.8 <0.001
Preoperative glucose, mmol/L 7.6� 3.3 8.2� 3.4 0.022
Prebypass hematocrit, % 38.3� 4.3 36.7� 4.9 <0.001
Hypertension 749 (77.0) 362 (87.4) <0.001
Congestive cardiac failure 122 (12.6) 102 (24.6) <0.001
Left ventricular ejection fraction <30% 69 (7.1) 41 (9.9) 0.077
EuroSCORE (Logistic) 2.7� 2.7 4.0� 4.6 <0.001

Perioperative patient characteristics
Red blood cell transfusion 98 (10.1) 106 (25.6) <0.001
Intra-aortic balloon pump used 41 (4.2) 37 (8.9) <0.001
Bypass time, min 92.1� 29.5 105.0� 44.9 <0.001
Aortic cross clamp time, min 51.1� 21.4 57.0� 28.3 <0.001
Lowest hematocrit during cardiopulmonary bypass, % 25.3� 4.2 23.4� 3.8 <0.001
First hemoglobin on arrival to intensive care unit, g/dL 10.7� 1.6 10.3� 2.3 <0.001

devi
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inflammatory cytokines, and nitrotyrosine production (a marker
of oxidative stress).22,23 Thus, these aforementioned changes
associated with glycemic fluctuation increase the risk of endo-
thelial damage, oxidative stress, inflammation, and end organ
dysfunction associated with CABG.24 Although these mechan-
isms are generalized, we hypothesize that these changes
are enhanced in the renal vasculature of our patients who
already suffer from a CABG-induced systemic proinflamma-
tory state.25 It is therefore unsurprising that our findings
revealed an increased incidence of AKI with increasing

AKI¼ acute kidney injury; BMI¼ body mass index; SD¼ standard
glycemic fluctuation.
Subgroup analysis of diabetic versus nondiabetic patients

revealed that both cohorts were sensitive to acute glycemic

TABLE 2. Significant Risk Factors of AKI on Multivariate Logistic

Variable Odd

Magnitude of glycemic fluctuation, mmol/L 1
Age, yr 1
Body mass index 1
Preoperative creatinine, mmol/L 1
Preoperative hemoglobin, g/dL 0
Hypertension 1
Red blood cell transfusion 1
Bypass time, min 1
Lowest hematocrit during cardiopulmonary bypass, % 0

AKI ¼ acute kidney injury.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
fluctuations. Our findings contrast with a previous study by
Krinsley, who observed higher mortality rates associated with
increasing glycemic variability in only the nondiabetics.26

Although there is currently insufficient evidence to ascertain
the mechanism of this phenomenon, it has been proposed that
nondiabetics were less tolerant to acute glucose fluctuations due
to their lack of chronic exposure to these fluctuations. However,
this was not observed in our study. As the prevalence rate of
diabetes mellitus in the local Southeast-Asian population is
markedly high, we postulate that there may be patients in the

ation.
nondiabetic group who could have had prediabetes or impaired
glucose tolerance. In addition, there is a high incidence of
metabolic syndrome and insulin insensitivity among the

Regression

s Ratio 95% Confidence Interval P Value

.180 1.116–1.247 <0.001

.035 1.014–1.056 0.001

.102 1.057–1.148 <0.001

.014 1.008–1.020 <0.001

.849 0.728–0.989 0.036

.612 1.038–2.504 0.033

.781 1.091–2.906 0.021

.011 1.003–1.018 0.006

.917 0.856–0.983 0.014
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continuous glucose monitoring system would be ideal, as this
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FIGURE 1. Graph depicting the relationship between the magni-
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Southeast-Asians as compared with Western populations, and it
has been shown that these patients may also have increased
artherosclerotic changes and plaque instability in the coronary
vasculature. These changes may also exist in the renal vascu-
lature, thus inherently predisposing these patients to AKI.27–33

Our study also concurred with Krinsley’s work in demon-
strating the association between higher glycemic variation and
ICU length of stay.34 The difference in ICU length of stay
between the highest and lowest glycemic variation group was
almost 24 hr. In the local context, this is equivalent to approxi-

tude of perioperative glycemic fluctuation and the incidence of
postoperative acute kidney injury (%). The incidence of post-
operative acute kidney injury increases as the magnitude of
perioperative glycemic fluctuation increases.
mately an additional US$852 incurred per patient due to an
extra day’s stay in the ICU. In our study, mortality rates did not
correlate with the magnitude of fluctuation, this contrasts with

TABLE 3. Incidence of AKI Among 4 Glycemic Groups

Glycemic Fluctuation Group

A
(0–2 mmol/L),

N¼ 109

Overall incidence of AKI (N¼ 1386), % 17.4
Incidence of AKI in diabetics (N¼ 720), % 13.9
Incidence of AKI in nondiabetics (N¼ 666), % 19.2

AKI ¼ acute kidney injury.

TABLE 4. Secondary Outcomes Among 4 Glycemic Groups

Glycemic Fluctuation Group

A
(0–2 mmol/L),

N¼ 109

B
(>2–4 mm

N¼ 3

ICU mean length of stay, hr 32.8 (�19.4) 37.3 (�
ICU mortality rate, % 0.0 0.3

ICU ¼ intensive care unit.

4 | www.md-journal.com
Krinsley’s work. This could be perhaps due to the overall low
mortality rate in our study of 1%.

Compared with previous studies utilizing the mean, stan-
dard deviation, mean amplitude of glycemic excursions, and
glycemic variability index in measuring glycemic fluctuation,
our use of the maximum perioperative glycemic fluctuation to
assess changes in glucose control over time has greater use as a
tool and is more intuitive to clinicians. This offers greater
clinical utility and may be applied on a daily basis. Moreover,
in our subgroup analysis, we have based our ranges of glucose
fluctuation based on 2 landmark glycemic control protocols
developed in the last decade—the Society of Thoracic Surgeons
Practice Guideline series and Van den Berghe’s study which
allowed for a maximum glucose fluctuation of 6 and 2 mmol/L,
respectively.13,35

In addition, this study has several other strengths. It is a
prospective study of patients undergoing a uniform, quantifi-
able, and predictable stressor of elective CABG, in a controlled
perioperative environment with intensive patient monitoring. It
is also the first investigating the relationship between glycemic
fluctuation and AKI in the Southeast-Asian population. We
have also utilized an extensively validated AKI scoring criteria
(AKIN) in the definition of our primary outcome.

However, our study may be limited due to the lack of data
for continuous glucose monitoring which might shed greater
insight into effect of minute glycemic fluctuations on post-
operative AKI. This has been countered by the strict adherence
to hospital protocol in keeping the glucose control targets within
a range of 4 to 10 mmol/L. However, we recognize that a
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would track minute glycemic variations, being akin to a phys-
iological feedback loop system.
CONCLUSIONS
We conclude that greater perioperative glycemic fluctu-

ations are an independent risk factor of the development of AKI

B
(>2–4 mmol/L),

N¼ 337

C
(>4–6 mmol/L),

N¼ 391

D
(>6 mmol/L),

N¼ 549
P

Value

21.7 28.6 38.3 <.001
22.2 30.3 38.1 0.001
21.4 27.5 38.7 0.002

ol/L),
37

C
(>4–6 mmol/L),

N¼ 391

D
(>6 mmol/L),

N¼ 549
P

Value

40.8) 44.5 (�61.2) 58.3 (�135.4) 0.003
1.0 1.6 0.172
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postoperatively in both diabetic and nondiabetic patients
undergoing CABG.

Despite the strict adherence to baseline glucose control
targets, large glycemic fluctuations may still occur, which
increases the risk of developing postoperative AKI. Therefore,
our findings also emphasize the need for more stringent glucose
control and monitoring in addition to the strict baseline glucose
control targets already in place.

The need for stringent glucose and monitoring with con-
tinuous devices is highly anticipated. With advances in tech-
nology, it is hopeful that this may help to avoid minute
perioperative fluctuations in glucose levels, and thereby con-
tribute to improved patient outcomes.
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