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Abstract
INTRODUCTION: Postoperative stress induced insulin resistance, and the resulting glycemic variability, is
clearly associated with complication rates in cardiac surgery. Despite this, there is a paucity of data
regarding the duration of stress induced hyperglycemia in cardiac surgery as well as the impact of
speci�c strategies for carbohydrate loading in cardiac surgery patients. Prior work in colorectal and
bariatric surgery has shown a signi�cant reduction in glycemic events with the use of a low dose
maltodextrin and citrulline loading strategy, but there is no data that the commonly recommended 50
gram supplements provides any impact on stress induced postoperative hyperglycemia. The aim of this
study was to compare standard of care (SOC group) versus a three dose, 25 gram dose carbohydrate
loading strategy (CL group) on the duration and severity of postoperative glycemic variability in both
diabetic and non-diabetic cardiac surgery patients.

METHODS: We compared CABG/AVR/MVR retrospective patients who received standard of care (SOC) to
a prospective set of patients who were carbohydrate loaded (CL) with 3 preoperative doses of 25g
maltodextrin/3g citrulline (G.E.D.TM, SOF Health, LLC).

RESULTS: 152 patients total were included (SOC n=80, CL n= 72). 66 patients were diabetic. In both non-
diabetic and diabetic patient populations, there was a statistically signi�cant reduction in glycemic
variability in G.E.D. groups for non- diabetics (27% reduction) and diabetics (40% reduction). The
glycemic variability on POD 2 was not statistically different between treatment groups in non-diabetics
(G.E.D. 25.2% vs SOC 24.7%) but approached signi�cance in diabetics (G.E.D. 24.7% vs SOC 32.9%e). 

CONCLUSION: These are the �rst data demonstrating the reduction in post operative stress induced
glycemic variability in cardiac surgery using a low dose carbohydrate loading regimen which includes the
amino acid citrulline. The impact of surgical stress on glycemic variability appears to resolve by POD#2
in non-diabetics but may persist longer in diabetic patients. These data represent the �rst information
regarding the bene�ts of a speci�c strategy for carbohydrate loading to reduces the stress induced
component of post operative hyperglycemia in cardiac surgery.  

Introduction
Enhanced Recovery Protocols (ERPs) have only recently been actively investigated and their adoption in
cardiothoracic surgery (CTS) has been relatively slow.1–4 The negative impact of post-operative stress
induced post-operative hyperglycemic events is well-documented. 5–6. A recent meta-analysis highlighted
the challenges of assessing the role of carbohydrate loading in cardiac surgery, primarily due to the lack
of standardized supplement composition and dosing, as well as inconsistent assessment of
hyperglycemia event rates.7 There is a clear need for improved assessment on the optimal carbohydrate
loading strategy in cardiac surgery. The �rst assessment of an implemented ERP in cardiac surgery
utilized a single preoperative dose of a carbohydrate drink and failed to demonstrate any improvement in
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perioperative hyperglycemia rates, indicating that further studies into preoperative carbohydrate loading
are needed.8

Although carbohydrate (CHO) loading in the pre-operative setting has been shown to increase post-
operative insulin sensitivity, the effectiveness on reducing postoperative hyperglycemia to reduce
complications has been poorly assessed.9,10 Several large population studies have demonstrated higher
incidence of complications associated with post-operative insulin resistance and increased episodes of
hyperglycemia in both diabetic and non-diabetic patients, including infection, mortality, and overall
morbidity.11,12 Rather than a single value, maximal glucose or mean glucose level, these data suggest a
threshold effect based on spikes in glucose > 140 mg/dl in non-diabetics, as well as increased risk with
increasing frequency of these events. 7 Previously described protocols have implemented formulations
which provide 50 grams of maltodextrin per drink with varying intervals and total amounts, however there
has been a lack of consistent reporting on the incidence and magnitude of hyperglycemic events. Without
established protocols for administering and monitoring glucose levels in the perioperative period, there is
no agreement regarding the optimal supplement, treatment regimen, and e�cacy of carbohydrate loading
in cardiac surgery. This inconsistency is not limited to cardiac surgery, as similar confusion exists in non-
cardiac studies of carbohydrate loading. Gianotti et al assessed ad lib consumption of a supplement
containing 100 grams of maltodextrin and a modest amount of fructose over approximately 18 hours
preoperatively.13 The study did not report the frequency of hyperglycemic events between groups and this
omission made it impossible to understand if there was a difference in glycemic variability between
groups.13. Conversely, experience with a 3 dose regimen of a 25 gram maltodextrin, fructose-free, 3 gram
citrulline supplement in bariatric and colorectal surgery has demonstrated signi�cant reductions in
hyperglycemic event rates.14,15. No similar data analysis exists for any of the 50 gram maltodextrin
supplements.

The purpose of this study was to perform the �rst pilot/historical control study assessment of a strategy
of reduced dose maltodextrin/citrulline administration on the rate of post-operative hyperglycemia in both
diabetic and non-diabetic CABG patients versus the standard of care without a speci�c carbohydrate
loading process.

Methods
This cardiac surgery quality improvement pilot project was performed for diabetic and non-diabetic
patients undergoing coronary artery bypass graft (CABG), aortic valve repair (AVR), or mitral valve repair
(MVR). Patients older than 18 years of age undergoing CABG, AVR, or MVR at a single institution were
included in the study. The retrospective cohort serving as the historical control group received the
standard of care (SOC) from January 2019 to May 2019 which did not include a standard carbohydrate
loading supplement. The experimental carbohydrate-loading group (GED) were patients undergoing
CABG, AVR, or MVR from June 2019 to September 2019. The conduct of the ERP care plan during
preoperative preparation, intraoperative management and post-operative care plans were at the discretion
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of the treating surgical team however the care plans were similar for both groups other than the
carbohydrate loading process in the study group. Importantly, both groups had the same glycemic
management protocol for both testing frequency and insulin administration.

The historical SOC group was made nil per os (NPO) at midnight prior to the surgical procedure. The
experimental group (GED) received 3 pre-operative doses of a proprietary blend – Glycemic Endothelial
Drink (G.E.D.™, SOF Health, LLC) consisting of 25g maltodextrin/3g citrulline in 10oz of water for each
dose. The GED group consumed 10oz of G.E.D. at 7pm and 10pm the evening before surgery and a �nal
dose 2–4 hours prior to surgery. They did not consume any other carbohydrates during this interval but
were allowed non-carbohydrate clear liquids ad libitum.

Data collected included surgical procedure type, diabetes status, most recent Hemoglobin A1c (A1c), pre-
operative point-of-care glucose, glucose levels for each hospital day, and length of stay. Demographic
information, diabetes status, A1c, and glucose measurements were obtained through electronic medical
record review. The surgical procedure performed was obtained from the surgeon's dictated operative
report. Post-operative days were de�ned as each subsequent day of inpatient hospital stay after the index
day of surgery. The primary outcome of interest was the rate of glycemic variability. High glucose events
were de�ned by incidence of serum glucose > 140 mg/dl for non-diabetic patients or > 180 mg/dl for
diabetic patients. Glycemic variability was de�ned by the ratio of the number of hyperglycemic episodes
to the number of post-operative glucose measurements. All descriptive analyses are presented as mean ± 
standard deviation as appropriate. Statistical analysis consisted of Fisher’s Exact test. All tests were two
sided and p < 0.05 was considered statistically signi�cant.

Results
A total of 152 patients were included in the study. The SOC group included 80 patients and the GED group
included 72. 86 patients were non-diabetic (SOC 49; GED 37); 66 patients were diabetic (SOC 31; GED 35).
There was no signi�cant difference in age, gender, chronic obstructive pulmonary disease (COPD)
diagnosis, pre-operative albumin measurement, tobacco use, or distribution of procedure type
(CABG/AVR/MVR) between the groups. For diabetic patients, the A1C was signi�cantly higher in the GED
group compared to the SOC group (Table 1).
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Table 1
Patient Demographic Data

  SOC GED p

Total Patients n = 80 n = 72  

Age – mean(SD) 64.11(9.13) 68.56(8.73) 0.635

Male Gender – n(%) 62(77.5%) 52(72.85%) 0.195

Comorbidities      

HgbA1c – mean(SD) 6.28(0.96) 6.74(1.89) 0.001

COPD – n(%) 16(18.75%) 17(24.28%) 0.479

Pre-Op Albumin – mean 3.99(0.36) 4.02(0.38) 0.484

Tobacco – n(%) 52(65.82%) 42(58.57%) 0.069

There was a statistically signi�cant reduction in glycemic event rates for GED treated patients on POD 1
in both non-diabetic and diabetic patient populations (27% reduction in non-diabetics; 40% reduction in
diabetics) (Table 2). On POD 1, diabetic patients experienced signi�cantly fewer glycemic events in both
treatment groups, primarily due to the differences in glucose level de�nitions (140 mg/dl in non-diabetic
vs 180 mg/dl in diabetic patients) and the fact that protocol driven interventions used 180 mg/dl as the
threshold for intervention. (See Table 2).
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Table 2
POD#1 Glycemic Event Rates for Nondiabetic and Diabetic Patients

  Treatment Hyperglycemic
Events

Glucose
Measurements

% Event
Rate

p value P value

Non-
Diabetic

(N-DM)

           

  SOC 153 453 33.7% N-DM
SOC v

N-DM
GED

0.0131

N-DM
SOC v

DM SOC

0.0001

  GED 104 441 24.5%    

Diabetic

(DM)

           

  SOC 48 444 10.8% SOC v
GED

0.02

N-DM
GED v

DM GED

0.0001

  GED 34 513 6.6%    

During the 2-day assessment of hyperglycemic event rates, non-diabetic GED patients had no signi�cant
differences in glycemic event rates (POD 1–24.5% vs POD 2–24.7%), whereas diabetic GED patients
demonstrated a numerical decrease in hyperglycemic events from POD 1 to POD 2 which approached
statistical signi�cance. (SOC − 33.7% vs GED − 25.2%; p < 0.075; Fisher’s Exact Test).(See Table 3) On
POD 2 diabetic patients in both groups experienced signi�cantly higher glycemic event rates compared to
POD 1 (SOC − 10.8% vs 32.9%; GED − 6.6% vs 24.7%; p < 0.0001; Fisher’s Exact Test).
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Table 3
POD2 Glycemic Event Rates for Nondiabetic and Diabetic Patients

  Treatment Hyperglycemic
Events

Glucose
Measurements

% Event
Rate

p value

Non-
diabetic

(N-DM)

         

  SOC 60 238 25.2% N-DM SOC v N-DM
GED

NS

  GED 45 182 24.7% N-DM SOC v DM
SOC

P = .0002

Diabetic

(DM)

         

  SOC 56 170 32.9% DM SOC v DM
GED

p = 0.074

  GED 59 239 24.7% N-DM GED v DM
GED

NS

Discussion
We performed a novel quality improvement study assessing a structured, lower dose maltodextrin,
citrulline preoperative carbohydrate loading regimen in cardiac surgery. We found that stress induced
insulin resistance leading to postoperative hyperglycemia to be impacted by the type of carbohydrate
loading performed. The regimen implemented signi�cantly reduced hyperglycemia on POD 1 for both
non-diabetic (27%) and Type 2 diabetic patients 40%, suggesting that both populations are as risk for
stress induced hyperglycemia. For non-diabetics we found that GED inhibits the risk for stress induced
hyperglycemia as event rates remained similar on POD 1 and POD 2.

The trajectory of hyperglycemic event rates was different for the diabetic patients, as both GED and SOC
groups experienced an approximately 3-fold increase in glycemic event rates from POD 1 to POD 2. GED
did produce a numerical decrease in event rate approaching signi�cance, suggesting an impact on
glycemic variability from surgical stress. The data suggest that although hyperglycemia remains a
concern for non-diabetic patients, it stabilizes by POD 2, suggesting that the duration of stress induced
insulin resistance is < 48 hours in non-diabetics.
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It is well-established that postoperative hyperglycemia increases risk of complications in cardiac surgery.
30–40% of patients undergoing cardiac surgery are diabetic and at higher risk for glycemic variability and
approximately 60% of patients without diabetes develop stress hyperglycemia in the postoperative
period.17,18 Perioperative hyperglycemia in diabetic and non-diabetic patients increases risk for wound
infection, acute renal failure, duration of hospital stay, and perioperative mortality.18 Hyperglycemia has
been associated with impaired leukocyte function, decreased phagocytosis and chemotaxis, nuclear
factor kB activation and production of in�ammatory cytokines. It also suppresses formation of nitric
oxide, impairs endothelium-dependent �ow-mediated dilation, increases platelet activation, adhesion, and
aggregation, and reduces plasma �brinolytic activity.19 Hyperglycemia in the initial phases of
postoperative care is increased in both cardiac and non-cardiac surgical patients. Particularly concerning
is that the rate of hyperglycemia appears similar in frequency and severity for both diabetic and
nondiabetic patients.17,20 In a non-cardiac surgery population of 40,000 patients, non-diabetic patients
demonstrated a dose-response relationship between the level of hyperglycemia and risk of adverse
effects, with higher rates at higher glucose levels.16 The adverse effects found in this population include
myocardial infarction, stroke, transient ischemic attack, atrial arrhythmia requiring treatment, readmission
to ICU, infectious complications (surgical site infection, pneumonia, urinary tract infection, clostridium
di�cile), renal insu�ciency.16

Maltodextrin is the recommended complex carbohydrate in enhanced recovery programs, however the
dosing regimens and timing have been poorly controlled and studied, especially with respect to the
incidence of postoperative hyperglycemia.3,21 This study provides a unique and initial assessment of the
combination of low dose maltodextrin coupled with citrulline using a multidose regimen. Use of this
supplement has demonstrated signi�cant reductions in glycemic variation in gastric bypass (versus
grape juice) and in colorectal surgery (versus Gatorade®), which is why it was selected for this study.14,15

Euglycemic clamp studies have demonstrated improved perioperative insulin sensitivity and reduced
post-operative gluconeogenesis as a result of the administration of preoperative maltodextrin.22 The
delivery of 40 + grams of maltodextrin per dose can result in treatment related hyperglycemia, an effect is
rarely assessed in clinical studies.23 A limitation of non-maltodextrin containing products composed of
simple sugars, especially fructose, (i.e. fruit juices or sports drinks) is the delivery of a potentially
excessive glycemic index load, resulting in rapid and early glucose and insulin spikes followed by
compensatory glucagon secretion. There is no data demonstrating improvd insulin sensitivity in these
patients.24 Therefore, there appears to be need for a structured assessment of the optimal dosing for
carbohydrate loading and precise de�nitions for the impact on postoperative hyperglycemia.

The provision of 3 grams of L-Citrulline in each dose of the supplement used in this study directly inhibits
hepatic gluconeogenesis, which may enhance the clinical bene�ts demonstrated with low dose
maltodextrin/citrulline formation.25 The surgical stress response also induces a decrease in arginine(Arg)
bioavailability and an increase in asymmetric dimethyl arginine, a natural inhibitor of arginine associated
nitric oxide function.26 The net result is a lowering of the Arg/ADMA(asymmetric dimethylarginine) in the
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early post-operative period, associated with increased surgical site infection rates, cardiovascular
complications, and acute kidney injury. A reduced Arg/ADMA ratio has been demonstrated to correlate
with poor outcomes in a variety of settings with physiologic stress, including both cardiac and non-
cardiac surgery, acute coronary syndrome, stroke, and sepsis.27,28 L-Citrulline has recently and
consistently been demonstrated to safely and effectively restore systemic arginine levels and reduce
ADMA in a variety of clinical scenarios.29 Enteral arginine administration and the surgical stress response
both increase constitutively active hepatic arginase, resulting in the destruction of the majority of
administered arginine. Conversely citrulline is nearly 100% absorbed within the GI tract and converted
completely to arginine in the kidney for systemic circulation.29–31

Our pilot study has several limitations that warrant further investigation. First, the use of a historical
control group risks the potential for unrecognized processes of care which were implemented over time
and may have impacted glycemic outcomes. Secondly, we were not able to capture granular data on
speci�c patient-level thresholds of glucose and the impact on intensity of insulin therapy administered for
either group. The impact of the carbohydrate loading formulation on both the frequency and the intensity
of insulin rescue is important information for the perioperative team and bears further study. The study
was not powered to allow for either sub-group analyses or an assessment of the relative degrees of
glycemic variability and postoperative outcomes.

Conclusion
This is the �rst cardiac surgery study assessing the role of a speci�c preoperative carbohydrate loading
regimen on occurrences of postoperative hyperglycemia. The regimen used for the administration of 3
doses of a 25 gram maltodextrin/3 gram citrulline supplement is the �rst to demonstrate a signi�cant
reduction in glycemic variability in both diabetic and non-diabetic populations. The bene�t was durable
over the �rst two postoperative days in non-diabetic patients, while diabetic patients experienced a
potential delay in the manifestation of stress induced hyperglycemia. Interestingly, both non-diabetic and
diabetic patients regardless of treatment experienced approximately 25% hyperglycemia event rates on
POD 2, suggesting additional mechanisms for postoperative hyperglycemia beyond carbohydrate loading
sensitive factors. These data support the concept that a speci�c carbohydrate loading regimen can
minimize hyperglycemic events in cardiac surgery, potentially reducing postoperative complication rates
and reducing the intensity of hyperglycemia treatment.
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