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Purpose: This study aimed to further quantify the relationship between insulin antibodies (IAs) and the 2-hour insulin to C-peptide
molar ratio (2h-ICPR) using a multiple linear regression model in T2DM patients.

Methods: A total of 274 T2DM patients from April 2019 to December 2022 in Xiang’an Hospital of Xiamen University were
included in this study. Multiple Linear Model Fitting was conducted on the candidate independent variables (age, BMI, HbAlc, and
2h-ICPR) for the multiple linear regression. The linear relationship between insulin antibodies (IAs) and the significant independent
variables was presented by making multiple linear regression equations.

Results: The total demographic characteristics of the included patients were as follows: age (51.92+13.10 years), BMI (24.94
43.99 kg/m?), HbAlc (9.70£2.39%), 2h-ICPR (0.12%0.11), and IAs (0.37£1.12COI). Linear relationships of independent variables:
age (=0.163, p=0.007), 2h-ICPR (=0.259, p=0.001), BMI (»=0.007, p=0.907) and 2h-ICPR (+=0.092, p=0.129). Multiple linear
regression: age (unstandardized f=0.014, 95% CI: 0.004-0.024, p=0.004), 2h-ICPR (unstandardized f=2.758, 95% CI: 1.555-3.962,
p<0.001). The regression equation: IAs = —0.712 + 0.014 x age + 2.758 * 2h — ICPR(P<0.001).

Conclusion: The quantitative relationship between 2h-ICPR and insulin antibodies was [As = —0.712 4 0.014 x age + 2.758 * 2h — ICPR.
2h-ICPR can be a preliminary screening indicator for insulin antibody testing in patients with type 2 diabetes.

Keywords: insulin, insulin antibodies, C-peptide, multiple linear regression model

Plain Language Summary

The original research article aimed to find out how much insulin antibodies (IAs) are present in type 2 diabetes mellitus
(T2DM) patients by studying their 2-hour insulin to C-peptide molar ratio (2h-ICPR) after an oral glucose tolerance test
(OGTT). T2DM is a disease where the body has high blood glucose levels, and insulin is a medication used to lower blood
glucose levels. However, insulin is not a natural substance in the body and can cause the immune system to produce antibodies
that stop it from working properly. The previous study found a link between insulin antibodies (IAs) and the 2h-ICPR in
T2DM patients but did not know how strong the link was. So, this research studied 274 T2DM patients and used
a mathematical model to show how IAs were related to the patient’s age and 2h-ICPR. The formula this study came up
with was TAs = —0.712 + 0.014age + 2.7582h — ICPR. This formula will help doctors predict how much insulin antibodies
a T2DM patient has by looking at their 2h-ICPR, which is useful in primary hospitals that do not have the equipment to test

for insulin antibodies.
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Introduction

Diabetes mellitus (DM) is the third most prevalent chronic non-communicable disease in the world, and according to the
International Diabetes Federation, it is predicted that the number of people with diabetes will reach 143 million in 2035,
ranking first in the world.! Type 2 diabetes mellitus (T2DM) is a group of metabolic diseases characterized by elevated
plasma glucose levels, caused by insufficient insulin secretion or impaired insulin action. Insulin therapy is one of the
most important treatments for diabetic patients and plays an important role in the treatment of diabetes mellitus, and it is
one of the most used clinical drugs to control blood glucose.”

Exogenous insulin preparations are widely used in the clinical hypoglycemic treatment of patients with T2DM.?
However, multiple investigations have demonstrated that since the introduction of insulin therapy, various insulin
preparations or analogs as exogenous proteins frequently cause insulin antibodies (IAs) in T2DM patients.* ® TAs can
appear in the body of patients after a period ranging from several weeks to several months of insulin application.” While
receiving treatment, these antibodies frequently cause glycemic swings and insulin resistance because they irreversibly
bind or release insulin in unpredictable ways.*’

In short, the existence of IAs reduces the effectiveness of exogenous insulin preparations at lowering blood glucose,
creating a condition akin to insulin resistance.'” Patients who experience the phenomena of alternating blood glucose

frequently experience daytime hyperglycemia and overnight hypoglycemia,'"*'?

and their blood glucose swings sub-
stantially and is challenging to control.'> The combination of the above characteristics manifests as exogenous insulin
antibody syndrome (EIAS).'* For the clinical diagnosis of EIAS, the positive serum insulin antibody test is the main
diagnostic standard for exogenous insulin antibody syndrome. However, the cost of the detecting apparatus and
equipment prevents most primary hospitals from having the necessary testing conditions at present.'®

According to existing studies, the elevated insulin and C-peptide changes in IA-positive patients show

1316 and the insulin to C-peptide molar ratio (ICPR) has been recommended by some

a disproportionate phenomenon,
scholars as a method to diagnose insulin antibodies,'” and also helps to diagnose hypoglycemia caused by exogenous
insulin antibodies.'® ICPR is a measure of the endocrine function of the pancreas islets,'” its association with IAs is not
fully supported by clinical evidence, Chinese domestic case populations have received less research, and there is no
agreed-upon diagnostic consensus. To quantitative analyze the relationship between ICPR and IAs, our preliminary
study'® used the positive and negative of IA as a dichotomous index, and the diagnostic receiver operating characteristic
curve (ROC curve) was used to analyze the predictive value of the ICPR for IA, and the results showed that the area
under the ROC curve for 2-hour ICPR (2h-ICPR) prediction of IA in the oral glucose tolerance test (OGTT) was 0.735,
(Se=0.760, Sp=0.635, the optimal cut-off point was 0.11), indicating that 2h-ICPR has a good predictive ability for the
presence of IAs. When 2h-ICPR>0.11, it indicates that IA is likely to exist in patients, and the higher the value, the
higher the possibility of IA positivity in T2DM patients.

However, because of the constraints of objective conditions in the pre-experimental period, we only qualitatively
rather than quantitatively examined the association between 2-hour ICPR and IAs, and the sample size was small, which
may have had an impact on the accuracy and reliability of the results. Therefore, based on the previous study, we further
analyze the relevant factors affecting IAs in T2DM patients by multiple linear regression (MLR) model in the current
study to verify the quantitative relationship between 2-hour ICPR and IAs.

Materials and Methods
Study Design
This retrospective study is in accordance with the Declaration of Helsinki,”® and the ethics of this study has been
reviewed and approved by the Medical Research Ethics Committee of Xiang’an Hospital of Xiamen University, and all
enrolled patients agreed to participate in this study, and signed the informed consent form.

Patients from April 2019 to December 2022 who were hospitalized in the Department of Endocrinology at the
National Standardized Metabolic Disease Management Center, Xiang’an Hospital of Xiamen University, and diagnosed
with T2DM were selected.
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Inclusion criteria: (1) Meet the 2017 edition of the Chinese Guidelines for the Prevention and Treatment of T2DM or
the diagnostic criteria for T2DM established by the World Health Organization (WHO),?' and patients may present with
or without typical diabetes symptoms of irritable thirst, polyuria, polyphagia, and unexplained weight loss, along with
abnormal blood glucose values. The WHO diagnostic criteria for T2DM are as follows:

Fasting plasma glucose (FPG) level of 7.0 mmol/L (126 mg/dL) or higher. Fasting is defined as no caloric intake for
at least 8 hours and 2-hour plasma glucose (2-h PG) level of 11.1 mmol/L (200 mg/dL) or higher during OGTT. The test
should be performed using a glucose load containing the equivalent of 75 g anhydrous glucose dissolved in water;
A random plasma glucose (RPG) level of 11.1 mmol/L (200 mg/dL) or higher, in the presence of symptoms such as
polyuria, polydipsia, and unexplained weight loss; In addition, individuals with a HbAlc (glycated hemoglobin Alc)
level of 6.5% or higher are also considered to have diabetes. (1) Patients with asymptomatic and abnormal blood glucose
need to be examined again. (2) Patients with definite use of exogenous insulin preparations who have been on insulin
therapy for more than 3 months, with or without oral anti-diabetic medications. (3) All patients were between 15 and 80
years of age. (4) BMI (body mass index) between 18 and 35 kg/m®. (5) HbAlc >6.5% (6) The results of an insulin
antibody titer test must be available, along with other data. (7) At least one OGTT was performed during hospitalization.

Exclusion criteria: anyone with one of the following conditions was excluded from the study.(1) patients without
insulin antibody titer test; (2) patients with acute complications of combined diabetes; (3) patients with clear diagnosis of
type 1 diabetes or other types of diabetes such as positive glutamic acid decarboxylase antibody (GADA) and positive
islet cell autoantibody (ICA); (4) patients with combined malignant tumor and infectious diseases; (4) patients with
combined cardiovascular, cerebrovascular and other serious chronic diseases; (5) patients with autoimmune diseases such
as systemic lupus erythematosus, rheumatoid arthritis, systemic vasculitis, thyroid autoimmune disease, scleroderma, etc;
(6) patients with other serious diseases of the digestive, respiratory and hematological systems; (7) patients during
pregnancy, lactation or long-term use of contraceptives; (8) patients with severe hepatic and renal insufficiency; (9)
patients with long-term use of immunosuppressive drugs; (9) patients with recent application of drugs affecting uric acid
metabolism such as furosemide; (10) recent application of drugs affecting uric acid metabolisms such as furosemide, and
hydrochlorothiazide; (11) patients with recent trauma, infection, surgery, and other stressful events.

It should be noted that for the confounding factors of this retrospective study, we restricted the enrolled patients
mainly by their conditions, such as age, BMI, duration of insulin administration, and first OGTT data during hospitaliza-
tion. Both inclusion and exclusion criteria were lost to eliminate confounding factors as much as possible.

Data Collection

We routinely perform an OGTT and an IA test on all patients admitted to the hospital prior to treatment on the one hand
and subsequent treatment planning on the other. This is also the source of our data for this study, and the focus of our data
collection and screening efforts, to exclude as much as possible the effects of insulin therapy and glucose-lowering drugs
on blood glucose and insulin levels.

After the patient was admitted to the hospital, the supervising physician completed all physical examinations and
related basic data for this study. All laboratory tests were completed at the Department of Laboratory Medicine, Xiang’an
Hospital of Xiamen University. The procedure for the OGTT was as follows:** all patients were asked to maintain
a normal diet and avoid fatty foods for 3 days prior to the OGTT and to suspend all glucose-lowering therapy for 1 day
prior to the OGTT. Patients were fasted (fasted for 8 hours) prior to the OGTT, kept quiet, and received 75 g of
anhydrous glucose orally. Venous blood was collected on a fast (0 hours), 0.5 hours, 1 hour, and 2 hours after glucose
loading, and blood glucose was measured at each time point. Blood glucose was measured by the hexokinase method. To
evaluate basic glucose regulation and the impact of insulin therapy, the majority of the oral glucose tolerance tests for our
inpatients were chosen from inpatients receiving insulin therapy. If a patient underwent multiple OGTTs during different
hospitalizations, we selected the earliest test results based on the medical record system.

We measured height and weight and calculated BMI (weight [kg]/height® [m?]), and measured HbA ¢ levels by high-
performance liquid chromatography using an automated analyzer (D-10, Bole, USA). Serum insulin and C-peptide
concentrations were measured by electrochemiluminescence immunoassay using an automated analyzer (Cobas €801,
Roche, Germany). Serum glucose levels were measured by hexokinase assay using an automated analyzer (Cobas €702,
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Roche, Germany). Serum insulin antibodies were measured by radioimmunoassay (Zhongke Zhongjia GC-1500 reagent:
Northern Institute of Biotechnology, Beijing, China).

American Medtronic insulin pump (type 712) is used mostly for inpatient insulin preparations. The titer of the IA was
quantified, and the instrument determined an [A-positive status when the titer of the insulin antibody exceeded 1.1 COL.
ICPR was calculated as insulin (pmol/L)/C-peptide (nmol/L) x 1000.

Statistical Analysis

Original data storage and collation were performed in Microsoft Excel. SPSS (version 22.0, Chicago, IL, USA) was used
for descriptive statistics and MLR analysis of the data. RStudio software (version 1.4.1717) was used for data
visualization. Most of the data were continuous variables, including age, BMI, HbAlc, serum glucose, insulin,
C-peptide, and IAs. Unstandardized coefficients are used in the equations of the multiple linear regression model.
Normally distributed data were expressed as mean = standard deviation while non-normally distributed variables were
expressed as the median (interquartile range), and bilateral truncated p < 0.05 were deemed statistically significant for use
in statistical analysis.

Multiple Linear Regression Analysis Steps
MLR model was to describe the linear relationship between a dependent variable and multiple independent variables by
making multiple linear regression equations.”> We performed multiple linear regression analysis as follows:

Determination of Dependent and Independent Variables

Based on our previous study,' we found that 2h-ICPR in OGTT has a high predictive value for IAs in T2DM patients.
What’s more, it is well known that people with high BMI have a significantly increased risk of developing diabetes and
that obesity increases the risk of developing type 2 diabetes with a much greater effect than even genetics.”* Age is also
a risk factor for diabetes.”> Studies also suggest HbAlc is associated with diabetic autoimmunity.''**?” Considering the
above possible factors associated with IA production, we primarily examined the relationship between insulin antibody
titers and age, BMI, HbAlc, and 2h-ICPR to analyze the relationship between insulin antibody titers and the above-
mentioned relevant factors in T2DM patients while considering the differences in the fundamental characteristics of each
patient.

Screening of the Candidate Independent Variables for the MLR

We conducted univariate linear regression analysis for screening the four candidate independent variables for MLR. We
performed Pearson coefficient analysis for each independent variable (explanatory variable) with IA (dependent variable)
one by one.

Multiple Linear Model Fitting

Multiple linear regression analysis was conducted using SPSS (version 22.0, Chicago, IL, USA). The parameters are set
as follows: Method: Enter, Confidence intervals:95%, Predicted Values: Unstandardized. Residual fit plots are used to
interpret whether the linear relationship is satisfied, while normal Q-Q plots are used for normality testing. We analyzed
the model fit by R-squared values, and we could analyze the variance inflation factor (VIF) values to determine whether
the model had multiple collinearities. Further, we analyzed the results of different independent variables (age, BMI,
HbAlc, 2h-ICPR) by SPSS software. The significance of the effect of different independent variables on IA titers was
analyzed by SPSS results, as well as analyzed in step (2). There was a significant relationship on IA if it showed
significance (p-value <0.05), and then the direction of the influence relationship was specifically analyzed.

Interpreting Multiple Linear Model Results

The interpretation of the model results includes three parts: judging the degree of fit of the linear regression model, the
interpretation of the regression coefficients, and the predicted dependent variables (IA). We will predict IA titers from the
results of the MLR model initially by the equation derived from 2h-ICPR as well as other independent variables.

1124 o= Diabetes, Metabolic Syndrome and Obesity 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hua et al

Results

Baseline Characteristics of Patients with T2DM

A total of 673 patients who were hospitalized and diagnosed with T2DM at the Department of Endocrinology, National
Standardized Metabolic Disease Management Center, Xiang’an Hospital of Xiamen University from April 2019 to
December 2022 were systematically retrospectively screened in this study, among which a total of 317 patients under-
went OGTT, of which 43 patients were excluded due to the lack of quantitative IA test. A total of 274 patients with
T2DM who met the study criteria were included from the retrospective study. The study process was illustrated in the
flow chart (Figure 1). The hospital side standardized an insulin antibody titer >1.1 COI as the cut-off value for a positive
insulin antibody test, so there were 19 insulin antibody-positive patients among the 274 included patients and the clinical
baseline information of the patients in the 255 negative and 19 positive groups was characterized as Table 1 and Table 2.
Baseline characteristics of all enrolled patients were as follows: age (51.92+13.10 years), BMI (24.94+3.99 kg/m?),
HbAlc (9.70+£2.39%), 2h-ICPR (0.12+0.11), and TAs (0.37£1.12COI).

The baseline characteristics of the included patients described in Table 1 show that there was no significant difference
in age, BMI, and HbAlc between the two groups, but the 2h-ICPR in the OGTT was significantly higher in T2DM
patients with IAs than in the negative group (P < 0.001), which further validates our previous finding that there is
a relationship between 2h-ICPR and IA in patients with T2DM.

Variables Related to Insulin Antibody
As described in the Materials and Methods section, firstly by analyzing the Pearson coefficient of each variable
individually (Figure 2), we can initially visualize that insulin antibodies are more associated with age (corr = 0.163)
and 2h-ICPR (corr = 0.259), and less with HbAlc (corr = —0.092) and BMI (corr = —0.007). This is also similar to our
results in Table 1 for the comparison of the two groups. Pearson coefficient analysis was conducted with insulin antibody
as the dependent variable and age, BMI, HbAlc, and 2h-ICPR as the independent variables in included patients. Table 3
shows that in the univariate linear regression analysis, BMI and HbAlc were not statistically significant (p=0.907,
p=0.129) and should be removed from the MLR model while age and 2h-ICPR were statistically significant (p=0.007,
p=0.001).

Combining the results of candidate variable screening in Figure 2 and Table 3, we excluded BMI and HbA 1c¢ from the
next step of the multiple linear regression model. Therefore, we conducted the MLR model of IA titers with age and
2-h ICPR.

Patients assessed for eligibility(N = 317) Excluded(N = 43)

| .| Lack of insulin antibody test(N = 35)

v "1 Acute ketoacidosis(N = 5)
Patients included in the study (N = 274) Gestational Diabetes Mellitus(N = 3)
l N Determination of dependent and independent
variables
Describe baseline characteristics of patients l
l —» Screening candidate independent variables
Multiple linear regression analysis — i
l —» Multiple Linear Model Fitting
Model application and prediction of I1As i
l —» Interpreting multiple Linear model results

Analysis of results and conclusions drawn

Figure | Flowchart for the study.
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Table | Baseline Characteristics of the Included T2DM Patients (¥ =£ s)

Group N Sex (M/F) | Age (Years) | BMI (kg/m?) | HbAlc (%) | 2h-ICPR | IA Titers (COI)
All 274 177197 51.92x13.10 24.94+3.99 9.70+2.39 0.12+0.11 0.37%1.12
1A- 255 163/92 51.62+12.96 24.93+4.04 9.72+2.43 0.12+0.06 0.15+0.21

1A+ 19 14/5 55.95+14.68 24.97+3.32 9.49+1.93 0.21+0.33 3.3242.92
t-value - - -1.392 —0.037 0.405 —3.866 —17.180
p-value - - 0.380 0.453 0.171 <0.001 <0.001

Abbreviations: BMI, body mass index; HbAlc, hemoglobin Alc; 2h-ICPR, 2-hour insulin to C-peptide molar ratio; IA, insulin antibody.

Table 2 OGTT Characteristics of All Included T2DM Patients (x + s)

OGTT Profile 0h 05 h I h 2h
Glucose (mmol/L) 7.104%].585 12.889+1.807 16.478+3.487 17.566+4.415
Insulin (pmol/L) 56.207+6.942 152.861+12.827 265.104+21.610 346.374+26.392
C-peptide (nmol/L) 0.629+0.212 1.051+0.038 1.601+0.063 2.481+0.204

Abbreviation: OGTT, oral glucose tolerance test.

Results of MLR of |A Titer with Age and 2h-ICPR

Multicollinearity Test

When performing linear regression analysis, the independent variables are prone to be correlated with each other, and we
call this phenomenon multicollinearity. First, in the results of regression coefficients (Table 4), we diagnosed multi-
collinearity by VIF, and when the VIF <10, we considered that the data were consistent with the assumption of multiple
linear analysis. In this study, the VIF corresponding to age and 2h-ICPR were both less than 10, allowing for multiple
linear regression. Whether the normal distribution has a small impact on the results of multiple linear regression,
generally we think that if the residual is the approximately normal distribution. Therefore, through the residual
distribution diagram in Figure 3, we can consider that the data meet the assumptions of the MLR model.

Statistical Tests of Models
Analysis of variance was performed on the model (Table 5), and the F-test revealed that the model passed the F-test
(F=14.165, p<0.001), which means that at least one of age and 2h-ICPR would have a significant relationship with

insulin antibodies.

The Fit of the Linear Regression Model
The above results tentatively demonstrated the relationship between age, 2h-ICPR, and insulin antibodies. The model
summary illustrated that the model R-squared value was 0.308, implying that age and 2h-ICPR can explain 30.8% of the

variation in insulin antibodies.

Interpretation of Regression Coefficients

The regression equation of this study can be expressed as IAs = 0 + 1 x age + B2 x 2h-ICPR. B0 is the intercept, B1 and
B2 represent the slope of the independent variable age and 2h-ICPR, respectively. The significance test for age and
2-h ICPR in the current study was both less than 0.05, f0=—0.712 (95% CI: —1.256-0.169, p=0.010), f1=0.014 (95% CI:
0.004-0.024, p=0.004), P2=2.758 (95% CI: 1.555-3.962, p=<0.001). So, the regression model was as follows:
[As = —0.712 + 0.014 « age + 2.758 « 2h — ICPR (Table 4). From the model estimates (Figure 4) we can conclude
that both age and 2h-ICPR positively affect insulin antibody titer (31=0.014 and p2=2.758), implying that the older the
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Figure 2 Univariate linear regression analysis between |As with Age, 2h-ICPR, BMI and HbAlc.
Notes: *p<0.01;**p<0.001.
Abbreviations: 2h-ICPR, 2-hour insulin to C-peptide molar ratio; BMI, body mass index; HbAlc, hemoglobin Alc.

age, the higher the 2h-ICPR and the higher the IA titers, and the effect of 2h-ICPR on IA titers is much greater than that
of age.

Predicting the Dependent Variable

One of the main purposes of MLR analysis is to predict the dependent variable through the independent variables. In this
study, the reason why we developed regression models for IA quantification with age and 2-h ICPR was to initially
predict patients’ insulin antibody titers from these independent variables as an alternative to expensive and complex
assays. We can calculate the predicted value of insulin antibodies based on the regression equation. For example, the 2h-
ICPR in the OGTT of a 60-year-old patient with T2DM who has been receiving insulin therapy for a long time is 250
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Table 3 Univariate Linear Regression Analysis
Between IAs with Age, 2h-ICPR, BMI and HbAlc by
Karl Pearson’s Coefficient

Independent Variables r-value p-value
Age 0.163 0.007
2h-ICPR 0.259 0.001
BMI 0.007 0.907
HbAIc 0.092 0.129

Abbreviations: 2h-ICPR, 2-hour insulin to C-peptide molar ratio;
BMI, body mass index; HbAlc, hemoglobin Alc.

Table 4 Coefficients of the Multiple Linear Regression Analysis of IA Titers by 2h-ICPR and Age

Model Unstandardized Coefficients t-value p-value 95% CI for p Collinearity Statistics
B Std. Error Lower Bound | Upper Bound | Tolerance VIF
I | (Constant) -0.712 0.276 —2.580 0.010 —1.256 —0.169 - -
Age 0.014 0.005 2.866 0.004 0.004 0.024 1.000 1.000
2h-ICPR 2.758 0611 4514 <0.001 1.555 3.962 1.000 1.000

Abbreviations: 2h-ICPR, 2-hour insulin to C-peptide molar ratio; Cl, confidence interval.

pmol/L and 2.00 nmol/L, respectively, so the 2h-ICPR is 0.125, and the IA titers can be initially predicted to be 0.472
COI by substituting into the formula model. Again, the predicted values and 95% confidence intervals can be calculated
by SPSS software, and it is necessary to note that the 95% CI mentioned here is the 95% CI of the mean, and not the 95%
CI of the individual values.
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Figure 3 Hypothesis testing of multiple linear regression of IAs by 2h-ICPR and age.
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Table 5 ANOVA of Multiple Linear Regression Model Between |As with Age and 2h-ICPR

Model® Sum of Squares df Mean Square F-value p-value
Regression 32.372 2 16.186 14.165 <0.001°
Residual 309.664 271 1.143 - -
Total 342.036 273 - - -

Notes: *Dependent variable: 1As; ®Predictors: (Constant), 2h-ICPR, age.
Abbreviations: ANOVA, analysis of variance; 2h-ICPR, 2-hour insulin to C-peptide molar ratio.

Discussion

The current study further elaborated on the quantitative relationship between IA titers and the disproportionality of serum
insulin and C-peptide in T2DM patients, to theoretically quantify the presence of insulin antibody interference by
2-h ICPR quantitative analysis.

Analysis of Results

In the current quantitative study, the regression equation was as follows: IAs = —0.712 4+ 0.014 = age + 2.758 * 2h — ICPR.
The slope B of 2h-ICPR was 2.758 (95% CI: 1.555-3.962, p<0.001), indicating that for every 1 increase in 2h-ICPR, the IA
titers increased by 2.758 COIL. From another perspective, the results of this study are consistent with the theoretical analysis
that an increase in 2h-ICPR tends to suggest the production of IAs. It is also important to note that this relationship between the
change in IA titers and 2h-ICPR was calculated by controlling for several other independent variables. In addition, we can also
perform some operations on the slope. For example, we wish to calculate the change in IAs in T2DM for every twofold

B=2.76, t(271) = 4.51, p = 9.51e-06
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Figure 4 Estimates of multiple linear regression analysis of |As by 2h-ICPR and age.
Notes: Multiple linear regression model: IAs = —0.712 4 0.014 x age + 2.758 * 2h — ICPR.
Abbreviation: ICPR2h, 2-hour insulin to C-peptide molar ratio (2h-ICPR).
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increase in 2h-ICPR by simply taking the slope 2.758*2. That is, every twofold increase in 2h-ICPR suggests an increase in [A
titers of 5.516 COL. In addition, as age increases, the function of pancreatic islet cells gradually declines, which means that the
probability of developing type 2 diabetes increases significantly.”® As for age, the longer type 2 diabetes has existed, the more
exogenous insulin preparations have been used for longer periods, which increases the likelihood of inducing IAs in the
immune system.?” Given the aforementioned factors, age may be indirectly associated with insulin antibody titers by relating
to the length of T2DM courses in patients with IAs.

IA is linked to several variables,’® and some research has revealed that the likelihood of IA positivity in T2DM patients
receiving insulin rises with longer diabetes duration, higher cholesterol levels,’' and lower HDL levels. The theoretical
relationship between the 2-hour ICPR and variations in insulin antibody titers is valid. This may be related to the time of
insulin action under glucose stimulation. In IA-positive T2DM patients, the binding of insulin antibodies to endogenous
insulin takes some time, which makes the serum insulin and C-peptide levels appear inconsistently elevated to a certain extent
only after a certain period. 2h-ICPR shows more relationship with IAs in OGTT. This is also consistent with the fact that
patients with IAs rarely experience short-term dramatic glucose fluctuations, and most of them tend to have nighttime
hypoglycemia and daytime hyperglycemia.*?

On the one hand, exogenous insulin-induced production of A binds to exogenous and endogenous insulin and diminishes
insulin action, As a result, postprandial blood glucose levels are elevated, and effective glycemic control is challenging,
leading to severe hyperglycemia, resistance to high-dose insulin therapy, and unexpected hypoglycemic events.>* On the other
hand, insulin-antibody complexes can be regarded as the “reserve pool” of insulin.** The normal or decreasing level of free
insulin allows the body to continuously synthesize and release insulin, resulting in an increase in the total amount of insulin in
the body. These complexes are released irregularly at night due to pH changes in the body, resulting in large fluctuations in free
insulin levels and thus large fluctuations in blood glucose.>

This study focused on patients with IA positivity induced by the use of exogenous insulin, while more research is still
required to investigate IA-positive cases linked to the use of sulfur-containing medications,*® induction of viral infections and
various autoimmune diseases.”’ Fasting insulin levels have also been used as a marker to screen for insulin antibodies since
people with positive IAs frequently have hyperinsulinemia.*® It has also been proposed that exogenous IA levels are inversely
proportional to C-peptide levels, indicating that C-peptide levels are protective factors for positive IAs.*” Since C peptide does
not cross-react with insulin antibodies and is not interfered with by IAs, and exogenous insulin does not contain C peptide, the
determination of ICPR may not only be used for the prediction of insulin antibodies but also be important for the clinical
diagnosis of insulin autoimmune syndrome in the future,* as well as help to identify insulin resistance.*'

Advantages and Limitations

The results of previous studies have innovatively confirmed the relationship between the 2h-ICPR and IAs in OGTT,
while this study using linear regression analysis further clarifies the quantitative relationship between [As and 2h-ICPR.
Currently, many primary care units lack the requisite testing facilities because of the high costs of laboratory equipment,
hardware requirements, and technicians needed for IA determination. If the determination of 2h-ICPR in OGTT can be
promoted as a primary screening indicator for IAs in T2DM patients, it will help physicians using 2h-ICPR to predict the
presence of IAs more easily and accurately. For patients receiving insulin therapy, it is crucial to perform an OGTT for
a preliminary evaluation of the presence of [As by estimated 2h-ICPR as well as other indicators when the treatment
impact is subpar and blood glucose is difficult to manage as the symptoms such as EIAS.

This study has certain limitations as well. To get more precise IA assessment criteria, the study’s sample size needs to be
increased to collect multi-center patient data, particularly the positive data of T2DM patients. Furthermore, more non-insulin
antibody-positive T2DM patients using insulin preparations are being enrolled to determine a relatively normal reference
interval for 2h-ICPR.

Conclusions

In our current study of quantitative analysis of insulin antibodies and 2h-ICPR with a multiple linear regression model, the
quantitative relationship between 2h-ICPR and insulin antibodies was IAs = —0.712 4 0.014 x age + 2.758 * 2h — ICPR.
2h-ICPR can be a preliminary screening indicator for insulin antibody testing in T2DM patients.
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