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<Abstract>

Background & Aims

The prevalence of glucose intolerance in chronic liver disease patients is high, but glucose
intolerance may be overlooked in a single blood test. The purpose of this study is to
evaluate blood glucose variability in patients with chronic liver disease by a continuous
glucose monitoring system (CGMS) and to examine the discrepancy between HbAlc
levels estimated from average blood glucose levels and HbAlc.

Methods

This study included 335 patients with chronic liver disease associated with glucose
intolerance. A fasting blood test and 72-hour CGMS were performed. The estimated
HbA ¢ was calculated from the average blood glucose level, and the correlation between
hepatic functional reserve and blood glucose-related parameters was analyzed. From the
obtained data, we created a new formula to calculate HbA 1c without using CGMS.
Results

As hepatic functional reserve decreased, average blood glucose and insulin resistance
increased while HbAlc decreased (p<0.0001). The discrepancy between the estimated
HbA ¢ calculated from the mean blood glucose level and the serum HbAlc (AHbA1c)
increased as the liver reserve decreased. Using multiple regression analysis, a formula
based on fasting blood glucose, HbAlc, body mass index, albumin, and liver function
was constructed, and its validity was demonstrated in a study using a different control
group.

Conclusions

HbAlc may be underestimated due to decreased hepatic functional reserve. CGMS was

useful in assessing accurate glycemic control of blood glucose and in detecting



postprandial hyperglycemia and nocturnal hypoglycemia. Patients with chronic hepatic

impairment should be corrected for hepatic functional reserve before glycemic control.
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Introduction

It has long been known that glucose intolerance and insulin resistance occur in patients
with chronic liver disease !2. The liver is responsible for maintaining blood glucose levels
by storing glucose as glycogen and breaking down glycogen to produce glucose 3.
Skeletal muscle also responds to insulin and lowers blood glucose levels by taking up
glucose. In patients with liver cirrhosis, hepatocytes and skeletal muscle mass are reduced,
and glucose intolerance is thought to occur *.

Diabetes mellitus is diagnosed by measuring fasting and casual blood glucose levels, the
oral glucose tolerance test, and hemoglobin Alc (HbAlc) levels. The goal of diabetes
treatment is to improve metabolic abnormalities caused by hyperglycemia and to prevent
the onset and progression of diabetic complications. In daily practice, fasting blood
glucose and HbAlc levels are commonly used as indicators for glycemic control °.
HbAlc is the percentage of glycosylated hemoglobin in total hemoglobin and reflects
blood glucose levels over a 1-2 month period. However, in some conditions, blood
glucose levels are not correctly reflected in HbAlc. HbAlc is low in conditions such as
abnormal hemoglobin molecules, anemia due to bleeding, renal failure, pregnancy,
cirrhosis, and splenomegaly that shorten the lifespan of red blood cells &7, On the other
hand, iron deficiency anemia, B12 deficiency, and folate deficiency anemia, which
prolong the lifespan of red blood cells, result in higher HbAIc levels. Lead poisoning and
chronic intake of alcohol, salicylates, and opioids have also been reported to falsely
elevate HbAlc levels 8. Glycoalbumin is used as an alternative, but in cirrhosis it is
apparently higher due to the prolonged albumin lifespan associated with impaired
albumin synthesis °!°. In addition, cirrhotic patients are characterized by postprandial

hyperglycemia despite normal fasting glucose, and postprandial hyperglycemia has been



reported to increase cardiovascular mortality *!'!. Thus, underestimation of blood glucose
related biomarkers is a problem in the management of diabetes in patients with cirrhosis.
A Continuous glucose monitoring system (CGMS) is a method of measuring glucose
concentration in interstitial fluid by percutaneously implanting a sensor under the skin.
The glucose concentration in the interstitial fluid correlates with blood glucose levels and
can be used to measure average blood glucose levels 2. In the ADAG study, it was
reported that average blood glucose (AG) correlated with HbAlc level, and estimated
HbAlc (eHbAlc) = (AG +46.7) / 28.7 can be used to calculate 3. Using this method, we
thought it would be possible to calculate the true HbA 1c level reflecting the average blood
glucose level of patients with chronic liver disease.

This study examined the discrepancy between serum HbA lc levels and eHbA 1c levels in
patients with liver disorders. We also constructed and validated a new formula to estimate

HbA 1c in patients with chronic liver disease without using CGMS.

Patients and Methods

Patients

We studied 335 patients with liver disease who underwent CGMS for glucose intolerance
from December 2013 to October 2017 at our hospital. CGMS was performed during
hospitalization for liver dysfunction or liver cancer. Physical measurements were taken
on the day of admission, and blood tests were performed during an early morning fast the
day after admission. During the CGMS, no new therapeutic interventions affecting blood
glucose were performed (the currently administered therapeutic drugs were continued),
and the results of the CGMS were used to determine the therapeutic strategy for blood

glucose control. Patients were diagnosed as diabetic according to the diagnostic criteria



of the Japanese Clinical Practice Guideline for Diabetes 2019 3. Fasting blood glucose
level of 126 mg/dl or higher, oral glucose tolerance test (OGTT) 2-hour value of 200
mg/dL or higher, blood glucose at any time of 200 mg/dL or higher, and HbAlc of 6.5%
or higher are defined as diabetic type. Diabetes mellitus was diagnosed when (1) diabetic
type is observed two or more times (one of which must be confirmed by blood glucose
level), (2) blood glucose level shows diabetic type, and typical symptoms of diabetes such
as thirst, polydipsia, polyuria, weight loss, or obvious diabetic retinopathy are observed,
and (3) diabetes mellitus had been diagnosed in the past. The diagnosis of chronic
hepatitis or cirrhosis was made comprehensively by biochemical liver function tests,
histological tests in percutaneous liver biopsy and hepatectomy, and imaging tests such
as abdominal computed tomography scan and ultrasonography '4!3. Cirrhosis was further

subdivided according to the Child-Pugh classification 617,

CGMS and estimated HbAIc

We used iPro2 (Medtronic, Dublin, Ireland) for CGMS. A sensor was implanted under
the skin of the abdomen for 72 hours to continuously measure glucose concentration, and
the maximum, minimum, and average blood glucose levels were recorded. A maximum
blood glucose level of 200 mg/dl or higher was considered postprandial hyperglycemia,
and a nocturnal blood glucose level of less than 70 mg/dl was considered nocturnal
hypoglycemia. Blood glucose was measured in peripheral blood four times per day
(before breakfast, lunch, dinner, and bedtime), and it was confirmed that there was no
deviation from the CGMS readings. The obtained average blood glucose levels were used
to calculate the estimated HbA1c values using the ADAG study conversion formula '3,

The estimated HbA 1¢ was subtracted from the serum HbA 1c to obtain AHbAc.



Construction of a new calculation formula and validation study

A new HbAIc calculation formula was developed using linear single and multiple
regression analysis with eHbAlc level as the objective variable. The validity of the
formula was examined in a validation study using a different control group. A total of
231 patients with chronic liver disease from multiple institutions who underwent CGMS
complicated by glucose intolerance between November 2017 and March 2019 were
included in the study. A total of 136 cases were from our institution and 95 cases were
from collaborating institutions (Kochi University Hospital, Saga University Hospital, and
Kurume University Hospital). iPro2 or Freestyle Libre Pro (Abbott, Chicago, USA) were
used for CGMS. We examined the correlation between eHbAlc and HbAlc calculated

from the conversion formula in this study (cHbA1c).

Statistical analysis

The correlation between average glucose and HbA 1c¢ was analyzed using Spearman's rank
correlation coefficient test. Differences in each parameter with respect to hepatic
functional reserve were tested using the Jonckheere-Terpstra test, and one-way ANOVA
was performed when there was no significant difference. The estimated HbAlc and
AHbA1c between the two groups were compared using the Mann-Whitney U test.
Statistical analysis was performed using JMP® pro 15 (SAS Institute Inc., Cary, NC,

USA). P <0.05 was considered statistically significant.

Ethics
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This study was approved by the Ethics Review Committee of Hiroshima University
(project identification code number E-624-4). This was a retrospective analysis of
records stored in a database and official approval was received based on the
Guidelines for Clinical Research issued by the Ministry of Health and Welfare in

Japan. All procedures complied with the Declaration of Helsinki.

Result

Patient characteristics

Patient characteristics are shown in Table 1. The median age was 69 years (range 24-84).
The median FBG was 122 mg/dl and the median HbAlc was 6.9 % (51.9 mmol/mol).
Diabetes mellitus was diagnosed in 254 patients (76%) before the CGM, and 193 of them
were treated with hypoglycemic drugs. Hepatic functional reserve was classified as
follows: CH, 171 (51%); CP-A, 81 (24%); CP-B, 63 (19%); CP-C, 20 (6%). The causes
of liver injury were HCV in 119 cases (36%), HBV in 37 cases (11%), HCV-HBV
coinfection in 2 cases (1%), nonalcoholic fatty liver disease (NASH) in 126 cases (38%),
and alcoholic and autoimmune hepatitis, primary cholestatic cholangitis, and others in 51
cases (15%). The number of patients with hepatocellular carcinoma (HCC) was 133

(40%).

Markers for the stage of chronic liver disease

Fig. 1 shows a comparison of the parameters for each stage of liver damage. Hb were
lower as liver damage progressed (p<0.0001). Fasting blood glucose did not differ
between stages. Insulin, HOMA-IR, and average blood glucose level levels were higher

as liver damage progressed (p=0.0278, p=0.0296, and p<0.0001, respectively), and
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HbAlc was lower as liver damage progressed (p<0.0001). The percentage of postprandial
hyperglycemia was more than 40% in all stages of cirrhosis. The highest rate of nocturnal

hypoglycemia was 20% in CP-C.

Correlation between average blood glucose level and HbAlc

Average median blood glucose levels were 146.5 mg/dl for chronic hepatitis and 167
mg/dl for cirrhosis. Median HbAlc values were 7.0% (53.0 mmol/mol) for chronic
hepatitis and 6.8% (50.8 mmol/mol) for cirrhosis. The correlation between average blood
glucose level and HbA Ic level in patients with chronic hepatitis and cirrhosis is shown
in Fig. 2. Both chronic hepatitis (r=0.706, p<0.0001) and cirrhosis (r=0.496, p<0.0001)

showed significant correlation, while the correlation was lower in cirrhosis.

Deviation between HbAIc and eHbAlc

Mean eHbAlc values were 7.0% (53.0 mmol/mol) for CH, 7.7% (60.6 mmol/mol) for
CP-A, 7.7% (60.6 mmol/mol) for CPB, and 8.0% (63.9 mmol/mol) for CP-C. Mean
AHbA ¢ values were 0.3% (3.3 mmol/mol) for CH, -0.5% (-5.5 mmol/mol) for CP-A, -
1.0% (-10.9 mmol/mol) for CP-B, and -2.2% (-24.0 mmol/mol) for CP-C. The difference
in AHbA 1c¢ for CP-C was significantly greater than that for the other stages (Fig. 3). When
eHbA lc levels were used, 18 of the 81 patients (22%) who did not meet the diagnostic

criteria for diabetes before CGM met the new diagnostic criteria.

Multiple regression analysis with estimated HbAIc as the objective variable
Univariate analysis of each item with estimated HbA1c as the objective variable showed

significant differences in BMI, HbAlc, Alb, FBG, HbAlc, ChE, and liver function.
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Further multiple regression analysis revealed that FBG, HbAlc, BMI, ALB, and liver
function were explanatory variables. Decreased liver function was positively correlated
with HbAlc level. From the obtained coefficients, a new conversion formula was
constructed (Fig. 4). We referred to the HbA 1c obtained from this equation as calculated

HbAlc (cHbAlc).

Validation study

The characteristics of the control group of the validation study are shown in table 2. The
median age was 69 years (range 16-87). The median FBG was 112 mg/dl and the median
HbAlc was 6.9 % (51.9 mmol/mol). Hepatic functional reserve was classified as follows:

CH, 163 (71%); CP-A, 31 (13%); CP-B, 31 (13%); CP-C, 6 (3%). There was insufficient
data collection on LDL cholesterol levels and the presence of a history of diabetes

treatment. The correlation between the eHbAlc and cHbAlc was analyzed using

Spearman's rank correlation coefficient test, and a high correlation was observed (r=0.749,

p=<0.0001) (Fig. 5).

Discussion

In a large cohort study, diabetes mellitus was shown to be an independent risk factor for
chronic liver disease and hepatocellular carcinoma '®. The liver also plays a central role
in glucose metabolism, and almost all patients with cirrhosis show insulin resistance, 60%
to 80% are glucose intolerant, and about 20% will develop diabetes '°. In nonalcoholic
fatty liver disease (NALFD), diabetes mellitus was reported to be an important risk factor
for liver fibrosis progression 2°. It was also reported that increased HbAlc was involved

in the progression of histological fibrosis in NASH 2!. Thus, there is a close relationship
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between diabetes and chronic liver disease. It is also important to maintain good glycemic
control status because patients with inadequate glycemic control have a poor prognosis
2

In this study, we first compared blood glucose trends measured by CGMS at each liver
reserve with blood glucose parameters measured during fasting. When compared by
hepatic reserve, fasting blood glucose showed no difference, while average blood glucose
levels were higher and serum HbA 1¢ was lower as hepatic reserve decreased. In addition,
both insulin secretion and insulin resistance increased as liver reserve decreased. These
results were consistent with previous reports 3. In patients with chronic hepatic disease,
the rate of insulin metabolism in hepatocytes is decreased, resulting in hyperinsulinemia.
In the presence of a portal-systemic shunt, insulin levels in the periphery increase, while
insulin levels in the portal vein decrease, resulting in decreased glucose uptake into

hepatocytes 2423

. As a result, as liver damage progresses, diurnal blood glucose
fluctuations increase. A previous study using CGMS at our institution reported that
decreased liver reserve was associated with worse glycemic variability 26. In this study,
cirrhotic patients also had higher rates of postprandial hyperglycemia and nocturnal
hypoglycemia than chronic hepatitis patients. It was thought that the use of CGMS would
enable us to identify such trends in blood glucose variability and to select appropriate
therapeutic agents such as insulin preparations and oral medications.

Next, we examined the correlation between average blood glucose levels and serum
HbAc levels. The correlation was reduced in patients with cirrhosis. Comparing eHbAlc
and serum HbA Ic levels, the difference increased as liver reserve decreased, and CP-C

showed a discrepancy of -2.2% (-24.0 mmol/mol) in AHbAlc. These results suggest that

a decrease in liver reserve may lead to a low serum HbAlc despite worsening glucose
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intolerance and that diabetes may be underestimated. It was reported that HbAlc levels
were lower than the actual glycemic control state in patients with chronic liver disease,
which was consistent with the results of the previous study 6. One of the factors
contributing to the decrease in HbAlc in patients with cirrhosis might be an increase in
splenic blood flow due to the progression of liver fibrosis and the shortening of the half-
life of red blood cells due to increased splenic function 2727,

From these results, we concluded that in the treatment of diabetes in patients with
cirrhosis, CGMS should be used for evaluation, rather than fasting glucose and HbAlc
as the only indicators for management. In addition, patients who have not been diagnosed
with diabetes and whose glucose intolerance has worsened due to the progression of
cirrhosis may not be screened and may be overlooked. CGMS is also useful in clarifying
the possibility of postprandial hyperglycemia and nocturnal hypoglycemia in cirrhotic
patients.

One disadvantage of CGMS is that the device must be worn at all times during the
measurement, which takes several days. We attempted to construct a new formula for
cHbA Ic. Multivariate analysis identified HbAlc, FBG, ALB, BMI, and liver reserve as
independent factors contributing to eHbAlc. These factors were used to construct a
formula for determining cHbA1c without CGMS. This formula may also be useful in
facilities where CGMS cannot be worn due to skin diseases or that are not equipped for
CGMS. By including Child-Pugh classification, ALB, and BMI, the formula reflects
decreased liver reserve. In the case of the same HbA 1¢ value, the worse the liver reserve,
the higher the true HbAlc. BMI was also included in the prediction equation. This
indicates that the higher the BMI, the greater the discrepancy between serum HbAlc and

the true HbA Ic. Although the detailed mechanism is unknown, iron deficiency may occur
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in obese patients 28, and it is thought that prolongation of red blood cell lifespan may lead
to higher apparent HbAlc. This prediction formula enables correction of the discrepancy
between liver reserve and obesity-induced HbA 1c. A validation experiment using another
group of subjects showed a correlation between eHbA1c and cHbA1c. We propose that
the handling of serum HbA Ic levels in the daily treatment of patients with liver cirrhosis
should be corrected in this way before controlling blood glucose.

There are some limitations to our study. Since this study included only patients with type
2 diabetes, we did not evaluate patients with chronic liver disease without type 2 diabetes.
We were also unable to evaluate the glycemic parameters of diabetic patients without
hepatic impairment as a control group. In addition, the diet and diabetes medications
during CGMS measurement were not standardized, which may have affected the

incidence of postprandial hyperglycemia and nocturnal hypoglycemia.

Conclusion

In this study, serum HbAlc levels were found to be lower than that predicted from
average blood glucose levels due to decreased hepatic functional reserve. CGMS enables
us to understand the correct blood glucose dynamics and to make appropriate treatment
choices. Patients with chronic hepatic disease should be managed with correction for

hepatic functional reserve and not just daily blood glucose control based on serum HbAlc.
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Table 1. Patient characteristics

Hepatic functional reserve, (CH / CP-A / CP-B / CP-C)
Etiology, (HCV / HBV / B+C / NAFLD / Other)

median min max

Age, years 69 ( 32 - 91 )
BMI, kg/m? 24.7 ( 154 - 67 )
Hemoglobin, g/dl 13.3 ( 42 - 19.1 )
Platelet count, x10%/ul 15.9 ( 33 - 713 )
Total bilirubin, mg/dL 0.8 ( 03 - 73 )
Albumin, g/dL 3.9 ( 1.7 - 53 )
AST, U/L 32 ( 10 - 324 )
ALT, U/L 28 ( 6 - 409 )
Cholinesterase, U/L 277 ( 46 - 605 )
Total cholesterol, mg/dL 178 ( 82 - 300 )
LDL cholesterol, mg/dL 112 ( 38 - 202 )
Triglyceride, mg/dL 111 ( 31 - 461 )
Uric acid, mg/dL 54 ( 1.6 - 113 )
FBG, mg/dL 122 ( 68 - 388 )
HbAlc, % 6.9 ( 3.8 - 143 )
HbA 1¢, mmol/mol 51.9 ( 180 - 132.8 )
IRI, pU/mL 11.8 ( 0.6 - 9 )
HOMA-IR 3.6 ( 0.1 - 415 )
FIB-4 index 2.78 ( 047 - 214 )
Diabetes mellitus, (+/ -) ( 254/ 81 )
( )

( )

)

HCC, (+/-)

~~

171/81/63/20
119/37/2/126/ 51

133 /202

Data are presented as median (maximum and minimum) or number of subjects.

BMI, body mass index; AST, aspartate amino transferase; ALT, alanine amino

transferase; FBG, fasting blood glucose; HbAlc, hemoglobin Alc; IRI, immunoreactive

insulin; HOMA-IR, homeostasis model assessment of insulin resistance; FIB-4 index,

fibrosis-4 index; CH, chronic hepatitis; CP, Child-Pugh; NAFLD, nonalcoholic fatty

liver disease.



Table 2. Patient characteristics of validation study

median min max
Age, years 69 ( 16 - 87 )
BMI, kg/m? 24.7 ( 16.6 - 48.7 )
Hemoglobin, g/dl 13.6 ( 7.8 - 17.8 )
Platelet count, x10%/ul 13.6 ( 20 - 67.8 )
Total bilirubin, mg/dL 0.9 ( 03 - 72 )
Albumin, g/dL 3.9 ( 20 - 53 )
AST, U/L 40 ( 14 - 174 )
ALT, U/L 36 ( 7 - 312 )
Cholinesterase, U/L 244 ( 69 - 583 )
Total cholesterol, mg/dL 174 ( 65 - 296 )
Triglyceride, mg/dL 100 ( 25 - 451 )
Uric acid, mg/dL 5.1 ( 1.6 - 9.7 )
FBG, mg/dL 112 ( 62 - 408 )
HbAlc, % 6.6 ( 3.8 - 13.2 )
HbA 1¢, mmol/mol 48.6 ( 18.0 - 120.8 )
IRI, pU/mL 12.3 ( 14 - 123.5 )
HOMA-IR 34 ( 03 - 32.6 )
FIB-4 index 3.47 ( 027 - 314 )
Hepatic functional reserve, (CH/ CP-A /CP-B/CP-C) ( 163/31/31/6 )
Etiology, (HCV / HBV / B+C / NAFLD / Other) ( 95/16/0/93/27 )
HCC, (+/-) ( 62 /169 )

Data are presented as median (maximum and minimum) or number of subjects.

BMI, body mass index; AST, aspartate amino transferase; ALT, alanine amino

transferase; FBG, fasting blood glucose; HbAlc, hemoglobin Alc; IRI, immunoreactive

insulin; HOMA-IR, homeostasis model assessment of insulin resistance; FIB-4 index,

fibrosis-4 index; CH, chronic hepatitis; CP, Child-Pugh; NAFLD, nonalcoholic fatty

liver disease.



Fig. 1. Various markers in the stages of chronic liver disease
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Fig. 1. Various markers in the stages of chronic liver disease

(A) HbAlc, (B) fasting blood sugar (FBS), (C) immunoreactive insulin (IRI), (D) homeostasis
model assessment of insulin resistance (HOMA-IR), (E) average blood glucose, (F) hemoglobin
(Hb), (G) postprandial hyperglycemia, and (H) nocturnal hypoglycemia according to the severity
of background liver disease in patients with chronic hepatitis (CH), Child-Pugh grade A (CP-A), B
(CP-B), and C (CP-C). In these box-and-whisker plots, lines within the boxes represent median
values; the upper and lower lines of the boxes represent the 25th and 75th percentiles, respectively;

and the upper and lower bars outside the boxes represent the 90th and 10th percentiles, respectively.



Fig. 2. Correlation between average blood glucose and HbA 1¢ in chronic hepatitis and cirrhosis
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Fig. 2. Correlation between average blood glucose and HbAlc in chronic hepatitis and cirrhosis
(A) chronic hepatitis (B) cirrhosis. In these box-and-whisker plots, lines within the boxes represent

median values; the upper and lower lines of the boxes represent the 25th and 75th percentiles.
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Fig. 3. Deviation between estimated and measured value of HbAlc
(A) estimated HbA1lc and (B) AHbA 1c according to the severity of background liver disease in
patients with chronic hepatitis (CH), Child-Pugh grade A (CP-A), B (CP-B), and C (CP-C).

The bar graph shows the mean value, and the error bars show the standard deviation.



Fig. 4. Multiple regression analysis with estimated HbA 1c as the objective variable

(A)

Estimate S.E tStat P value
(Intercept) 5.376 0.896 6.0 <.0001
FBG 0.016 0.002 8.7 <.0001
HbAlc 0.353 0.057 6.19 <.0001
BMI -0.046 0.012 -3.9 0.0001
ALB -0.424 0.168 -2.52 0.0124
Child-Pugh 0.262 0.120 2.18 0.0303
(B)
calculated HbAlc (%)
= 5.38 + (FBGX0.016) + (HbA1c¢Xx0.353) - (BMIX0.046) - (AlbX0.424)
+0 — CH
+0.262 <« CP-A
+0.524 <~ CP-B
+0.786 <« CP-C




Fig. 4. Multiple regression analysis with estimated HbAlc as the objective variable
(A) Results of multiple regression analysis with HbAlc as the objective variable.

(B) HbAlc prediction formula constructed by multiple regression analysis.



Fig. 5. Plot of estimated HbA 1c¢c from CGMS and calculated HbA 1¢ from the prediction formula

(Validation study)
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Fig. 5. Plot of estimated HbAlc from CGMS and calculated HbAlc from the
prediction formula (Validation study)

The vertical axis shows the estimated HbA 1c value calculated from the average glucose
level, and the horizontal axis shows the HbA1c calculated from the prediction formula

constructed in this study.



