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ABSTRACT

Introduction: The aim of this study was to
evaluate the stability and accuracy of glucose
measurements determined using the metabolic
heat conformation (MHC)-based non-invasive
glucometer in a multicentre, self-controlled

clinical trial. This device is the first to obtain a
medical device registration certificate awarded
by the National Medical Products Administra-
tion of China (NMPA).
Methods: The multicentre clinical study was
conducted at three sites and enrolled 200 sub-
jects whose glucose was measured with a non-
invasive glucometer (the Contour Plus blood
glucose monitoring system) and by venous
plasma glucose (VPG) measurements, in a fasted
state and at 2 and 4 h after meals.
Results: Based on both the non-invasive and
VPG measurements, 93.9% (95% confidence
interval 91.7–95.6%) of the blood glucose (BG)
values fell within consensus error grid (CEG)
zones A ? B. The measurements obtained in a
fasted state and at 2 h after meals were more
accurate, with 99.0% and 97.0% of the BG val-
ues, respectively, falling within zones A ? B.
Compared to those subjects who received insu-
lin, the proportion of values in zones A ? B and
the correlation coefficients were 3.1% and
0.0596 higher, respectively. The accuracy of the
non-invasive glucometer was influenced by the
level of insulin resistance calculated by the
homeostatic model assessment method, which
had a correlation coefficient with the mean
absolute relative difference of - 0.1588
(P = 0.0001).
Conclusion: The MHC-based non-invasive glu-
cometer assessed in the present study demon-
strates generally high stability and accuracy in
the glucose monitoring of people with diabetes.

Ang Li and Xiang Li have contributed equally to this
work and share the first authorship.

Supplementary Information The online version
contains supplementary material available at https://
doi.org/10.1007/s13300-023-01402-8.

X. Li � Y. Xu � C. Wu � Z. Geng � X. Wang �
F. Tang (&)
Department of Precision Instrument, State Key
Laboratory of Precision Measurement Technology
and Instruments, Tsinghua University, Beijing
100084, China
e-mail: tangf@mail.tsinghua.edu.cn

A. Li � J. Zhang � X. Guo (&)
Department of Endocrinology, Peking University
First Hospital, Beijing 100034, China
e-mail: bdyyguoxiaohui@sina.com

Y. Li
Department of Endocrinology, Key Laboratory of
Endocrinology of the Ministry of Health, Peking
Union Medical College Hospital, Peking Union
Medical College and the Chinese Academy of
Medical Sciences, Beijing, China

H. Li
Department of Endocrinology, China Emergency
General Hospital, Beijing, China

Diabetes Ther (2023) 14:989–1004

https://doi.org/10.1007/s13300-023-01402-8

http://orcid.org/0000-0001-8155-1178
https://doi.org/10.1007/s13300-023-01402-8
https://doi.org/10.1007/s13300-023-01402-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s13300-023-01402-8&amp;domain=pdf
https://doi.org/10.1007/s13300-023-01402-8


The calculation model needs to be further
explored and optimised for patients with dif-
ferent diabetes subtypes, levels of insulin resis-
tance and insulin secretion capacity.
Clinical trial registry
number: ChiCTR1900020523.

Keywords: HOMA model; Insulin resistance;
Metabolic heat conformation; Non-invasive
blood glucose measurement; Non-invasive
glucose meter; Subgroup analysis; Self-
monitoring of blood glucose

Key Summary Points

Why carry out this study?

The non-invasive blood glucose (BG)
monitoring (NGM) meter based on the
metabolic heat conformation (MHC)
method was used to measure BG levels in
the fasting and postprandial states (2 and
4 h after meal) in 200 people with diabetes
(PWD), and its monitoring accuracy was
found to reach clinical
acceptable comparison results.

In accordance with the EN ISO
15197:2013 standard, we used the
homeostatic model assessment method to
evaluate the clinical accuracy, stability
and indicated population of the NGM
meter in PWD.

What was learned from the study?

Using multiple regression analysis, we
analysed the impact of different factors on
BG measurement at different time points.

Under the premise of calibrating
information collected from PWD in a
non-invasive manner, we explored the
performance of the NGM technology
based on the MHC method during BG
monitoring at different time points.

Under the premise of using fasting FG as
the calibration measurement, fasting
C-peptide is an independent factor
affecting the accuracy of NGM both in the
fasting and in postprandial state.

INTRODUCTION

In recent years, the authors of several epidemi-
ological investigations have reported that the
prevalence of diabetes in adults of mainland
China is remaining stable at around 10–11% [1].
In mainland China, the increasing number of
patients with diabetes as well as difficulties in
patient management are accompanied by the
negative effects of poor disease management
[2]. Poor disease management leads to a signif-
icant increase in the risk of chronic complica-
tions, while it is well known the
implementation of effective disease manage-
ment can greatly improve the prognosis and
reduce long-term costs [3]. Self-monitoring of
blood glucose (BG) is crucial for evaluating the
effect of daily disease management and for
guiding treatment, with recommendations
provided by many international guidelines
[4, 5]. Particularly for patients who receive
insulin therapy, self-monitoring of BG can
improve metabolic control and have a benefi-
cial effect on the progression of diabetes-related
complications.

In addition to the traditional capillary BG
monitoring methods, continuous glucose
monitoring (CGM) technology has been devel-
oped in recent years, and its accuracy and safety
have been recognised [6, 7]. At the same time,
guidelines also include the concept of ‘time in
range’ based on CGM as a new index to evaluate
a patient’s BG control [8, 9]. Although CGM is a
minimally invasive method, it still belongs to
the category of invasive monitoring techniques.
Therefore, it is impossible to avoid a potential
reduction in compliance due to patient con-
cerns about its invasive nature.

Non-invasive glucose measurement methods
are ideal alternatives for injury- and pain-free
BG monitoring [10]. Electrochemical [10–13]
and optical [14–16] approaches have received
the most attention. Many non-invasive meth-
ods are currently under study. Several studies
have reported that these methods have a high
accuracy, although the sample size in most of
these studies has been small (\40 subjects)
[8, 11, 17–20], with the exception of one study
that included 92 subjects [13]. Therefore, the
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actual clinical performance of these methods
cannot yet be assessed accurately.

According to the metabolic heat conforma-
tion (MHC) theory, the BG level can be esti-
mated as a function of metabolic heat and
oxygen supply at rest [21–23]. An non-invasive
BG monitoring (NGM) meter has been devel-
oped based on this theory, with the device
integrating the sensor with a fingertip probe,
which connects to a mobile flat-panel display,
thus allowing convenient glucose measure-
ments and self-management. The National
Medical Products Administration of China
(NMPA) awarded this meter a medical device
registration certificate in 2019 (Certificate No.
NDRS2019307060).

In the present multicentre, self-controlled
study, we enrolled 200 subjects, with the aim to
compare the results of MHC-based non-invasive
glucose measurements with venous plasma
glucose (VPG) and fingerstick measurements.
We evaluated the clinical accuracy and stability
of the NGM and the patient population in
people with diabetes according to the EN ISO
15197:2013 standard [24], using subgroup
analysis, physiological homeostatic model
assessment (HOMA) [25] and multivariate
analysis of non-invasive BG monitoring.

METHODS

Clinical Trial Design

This multicentre, open-label, self-controlled
clinical study was registered in the Chinese
Clinical Trial Registry (Registration number
ChiCTR1900020523). It was conducted simul-
taneously at the Peking University First Hospi-
tal, the China Meitan General Hospital and the
Peking Union Medical College Hospital. The
study protocol was approved by the Ethics
Review Committee of Peking University First
Hospital (ethics approval number: [(2018]
Device Registration No.10); the Ethics Review
Committee of China Meitan General Hospital
(ethics approval number: G18-11); and the
Ethics Review Committee of Peking Union
Medical College Hospital (ethics approval
number: HS2018078). The study was performed

in accordance with the Helsinki Declaration of
1964 and its later amendments. Informed con-
sent was obtained from all individual partici-
pants included in the study and their legal
guardians. The list of exclusion criteria of sub-
jects are shown in Electronic Supplementary
Material (ESM) Table S1 and the list of partici-
pating investigators are shown in ESM Table S2.
Each participant received a screening examina-
tion after they provided informed consent. The
screening comprised the collection of data on
demographics, medical history and medication
history, as well as a physical examination,
including measurements of height and weight,
determination of vital signs and results of clin-
ical laboratory tests (including haematology,
serum chemistry and thyroid stimulating hor-
mone [TSH] levels).

On the following experimental day, the BG
level of eligible subjects was measured by using
three methods: (1) the MHC-based NGM system
(NIGA01; Global Health Ark Medical Technol-
ogy Co., Ltd. Beijing, China); (2) the Contour
Plus Blood Glucose Monitoring System (Bayer
AG, Ludwigshafen, Germany); and (3) the VPG
analyser based on the hexokinase method.
Blood for measurements was drawn when the
individual was in a fasting state (fasting glucose
test) and at 2 and 4 h postprandial (postprandia
glucose test). One meal serving contained 55 g
carbohydrates, 7 g protein and 0 g fat, which
was eaten within 15 min. Before the meal, non-
invasive data were collected on the index finger
using the NGM, immediately followed by a
fingerstick capillary BG measurement with the
Contour Plus system; subsequently, two tubes
of 2 mL of blood collected from the upper arm
vein were used for VPG measurement and
serum insulin and C-peptide measurement,
respectively. At 2 h (± 5 min) and 4 h (± 5 min)
after the meal, the same glucose measurements
were performed in the same order and com-
pleted within 5 min. Measurements with the
NGM and Contour Plus system were performed
on the same hand, while venous blood was
collected from either arm. The trial flow chart is
shown in Fig. 1.
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Participants

The subjects included in the study conformed
to all of the following inclusion criteria: (1)
agreement to participate in the study and sign-
ing the informed consent form (ICF); (2) age
between 10 and 80 years (inclusive); and diag-
nosis of diabetes mellitus or impaired glucose
regulation as per the revised diagnostic criteria
and classification 1999 by the World Health
Organization Expert Committee on Diabetes
Mellitus (https://apps.who.int/iris/handle/
10665/66040.

Subjects who met any of the exclusion cri-
teria (ESM Table S2) were not eligible for this
study.

A total of 210 subjects from the three study
sites signed the ICF and attended the screening,
of which ten subjects did not meet the inclusion
criteria and were excluded from the study. The
remaining 200 subjects were enrolled in the
study, of whom 190 people had type 2 diabetes,
seven had type 1 diabetes and three had

impaired glucose regulation. Of these 200 sub-
jects, 195 (97.5%) completed the study. Of the
five (2.5%) subjects who dropped out before the
end of the study period, four had type 2 dia-
betes, three dropped out after glucose mea-
surements, one was medically unstable, one was
removed from the study early due to hypo-
glycemia and one was removed from the study
early at the discretion of the investigator. The
demographic data on the participants are sum-
marised in Table 1.

NGM Test Method

The MHCmethod is based on the characteristics
of human BG metabolism in the resting or
equilibrium state and enables non-invasive BG
detection by measuring physiological features
such as metabolic heat and oxygen consump-
tion [21]. This method was used as described in
a previous single-centre study [22]. Metabolic
heat is a function of BG concentration and
oxygen supply, which in turn is determined by

Fig. 1 Flow chart of patient inclusion in trial. VPG Venous plasma glucose

992 Diabetes Ther (2023) 14:989–1004

https://apps.who.int/iris/handle/10665/66040
https://apps.who.int/iris/handle/10665/66040


oxygen saturation, haemoglobin concentration
and blood flow to local tissue; consequently, the
BG concentration is considered to be a function
of metabolic heat production, oxygen satura-
tion, haemoglobin concentration and blood
flow. Other physiological features, such as heart
rate and finger pulse wave, are also considered
in the model, which can be expressed as

BG ¼ FunctionðH;Qf; SpO2;Hb;HR; . . .Þ ð1Þ

where H is metabolic heat, Qf is blood flow,
SpO2 is oxygen saturation, Hb is the hae-
moglobin concentration and HR is the heart
rate.

The MHC-based device comprises a finger
sensor probe that measures the physiological
features included in Eq. 1 and a flat-panel dis-
play, as shown in Fig. 2a. Metabolic heat (H) is
mainly exchanged with the environment in the
form of radiation and convection; both forms of
heat are estimated by using human body tem-
perature and environmental temperature, and
the effect of evaporative heat loss can be com-
pensated by human body humidity and envi-
ronmental humidity. Thus, H characteristics
include four variables, namely fingertip tem-
perature and humidity and ambient tempera-
ture and humidity, which are detected via
infrared radiation sensors and humidity sensors.
SpO2, Hb and HR are calculated by absorption
spectra of multi-wavelength visible–near infra-
red light sensors at 660, 730, 800 and 940 nm.
Qf mainly depends on the local blood flow rate,
which is detected by using a thermal diffusion
method. The rate of temperature change on the
rod is detected by using the built-in thermal
conductivity rod to estimate the blood flow rate
[23].

When used for the first time, a user account
needs to be created, during which time the basic
user information is entered, such as age, height,
weight and type of diabetes. Before measure-
ments, users select the BG measurement feature
by following the prompts on the screen. After
10 s of self-inspection, the device instructs the
user to attach the sensor probe to a finger
within 15 s, and to maintain the chosen posture
until the end of the measurements, which lasts
for about 1 min. Users are required to avoid
washing their hands before the measurement
and to keep their finger still.

Data Analysis

The point accuracy of the NGM was evaluated
by comparing the NGM measurements with

Table 1 Demographic characteristics of the trial subjects
at baseline

Characteristics Values

Age, years 61.0 ± 8.42

Gender

Male 95 (47.50%)

Female 105 (52.50%)

Height, cm 165.00 ± 8.24

Weight, kg 69.52 ± 12.31

BMI, kg/m2 25.44 ± 3.46

Diabetic peripheral neuropathy

Yes 44 (22.3%)

No 153 (77.7%)

Diabetic autonomic neuropathy

Yes 5 (2.5%)

No 192 (97.5%)

Diabetic peripheral vasculopathy

Yes 16 (8.1%)

No 181 (91.9%)

Use of hypoglycaemic medications

Yes 191 (97.0%)

No 6 (3.0%)

Use of biguanides

Yes 127 (64.5%)

No 70 (35.5%)

Values in table are presented as the mean ± SD or as the
number (of trial subjects) with the corresponding per-
centage in parentheses, as appropriate
BMI Body mass index, SD standard deviation
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VPG and fingerstick capillary whole BG
measurements.

Steady-State HOMA
The homeostatic model assessment (HOMA)
with fasting plasma glucose (FPG) and insulin/

C-peptide (CP) as inputs has been used exten-
sively for clinic applications, especially to eval-
uate the level of insulin resistance (HOMAIR)
and b cell function (HOMAb) of patients with
diabetes (PWD). We evaluated insulin resistance
by measuring the C-peptide level, considering
that determination of the C-peptide level is not

Fig. 2 Results of non-invasive measurements. a MHC-
based NGM. b CEG analysis. The X-axis represents VPG
measurements, and the Y-axis represents non-invasive
glucose measurements. The blue, green, pink and red dots
represent paired values in CEG zone A, B, C and D,
respectively. c Bland–Altman analysis. The X-axis repre-
sents the mean of paired NGM readings and VPG

measurements, and the Y-axis represents the difference
between paired NGM readings and VPG measurements.
d Linear-regression analysis. The X-axis represents NGM
readings, and the Y-axis represents VPG measurements.
CEG Consensus error grid, MHC metabolic heat confor-
mation, NGM non-invasive blood glucose monitoring, SD
standard deviation
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affected by exogenous insulin level. The math-
ematical estimation model is shown as Eqs. 2
and 3, wherein FCP denotes the fasting C-pep-
tide concentration (mU/L) and FPG is the fast-
ing plasma glucose (mmol/L).

HOMAIR CPð Þ ¼ FCP� FPG ð2Þ

HOMAb CPð Þ ¼ FCP=ðFPG� 3:5Þ ð3Þ

These two indexes [25, 26] were obtained by
using the HOMA (CP) model to evaluate how
different levels of insulin resistance and islet b
cell function could affect the accuracy.

Accuracy Evaluation
The ISO 15197:2013 standard specifies the per-
formance requirements for in vitro BG moni-
toring systems measuring the BG concentration
in capillary blood samples [24]. This standard
was used as the primary evaluation of the NGM
readings. The results were analysed by using a
two-tailed t-test to obtain the 95% confidence
interval (CI). Secondary evaluation measures
included the mean absolute relative difference
(MARD), Bland–Altman analysis (using the dif-
ference between paired BG values as the Y-axis,
the mean of paired BG values as the X-axis and
the mean difference as the line of means and
mean difference ± 1.96 standard deviations
[SD] as the limits of agreement) and regression
analysis (assessing the correlation between
paired BG values by estimating the slope of the
regression line and Pearson correlation coeffi-
cient for two measurement methods).

Statistical Methods
Multivariate regression analysis was processed
using SPSS version 22.0 software (IBM SPSS,
Armonk, NY, USA) to represent the measure-
ment data. The independent sample t-test was
used to test the inter-group data, and the
counting data were expressed by the Chi-
squared (v2) test. The factors influencing the
accuracy of non-invasive BG detection were
tested by multivariate regression analysis. A
P\ 0.05 indicated statistical significance.

RESULTS

Non-invasive Measurements

Validity analysis was performed for 589 paired
BG values. As shown in Fig. 2b, 93.9% (95% CI
91.7–95.6%) of the paired NGM readings and
VPG values fell in consensus error grid (CEG)
zones A ? B, 320 readings (54.3%, 95% CI
45.7–53.8%) fell in zone A and no readings fell
in zone E. The MARD between non-invasive and
VPG measurements was 27.02% ± 17.95%
(95% CI 24.61–29.44%) (see ESM for subgroup
analysis results). According to the results of the
agreement test (Fig. 2c), 554 (94.1%) paired BG
values showed a difference within the limits of
agreement. The regression coefficient of the
paired BG values was 0.8289 and the Pearson
correlation coefficient was 0.6841 (P\ 0.0001),
as shown in Fig. 2d.

In total, 94.4% of the paired NGM readings
and fingerstick capillary BG measurements fell
in CEG zones A ? B and 54.7% fell in zone A.
The MARD was 26.16% ± 16.25% (95% CI
23.88–28.43). In this study, 93.0% of paired BG
values showed a difference within the limits of
agreement. The regression coefficient of the
paired BG values was 0.7864 and the Pearson
correlation coefficient was 0.6627 (P\ 0.0001).
The comparisons between non-invasive and
VPG measurements were similar to those
between non-invasive and fingerstick measure-
ments, as shown in ESM Figs. S1–S3.

Classification by BG Measurement Time
Points

Non-invasive Measurements
The results of CEG analysis and the correlation
coefficients between non-invasive and VPG
values obtained in the fasting state and 2 and
4 h after a meal are shown in Table 2. In the
fasting state, the NGM readings and VPG values
exhibited a good correlation, with a higher
percentage of values falling in CEG zone A. As
shown in Fig. 3, the percentage of paired read-
ings that fell in CEG zones A ? B was similar in
the fasting state and at 2 h after a meal (99.0 vs.
97.0%), and was the lowest at 4 h after a meal
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Table 2 The results of the subgroup analysis

Measurement Fasting state (Ns = 197) 2 h postprandial (Ns = 197) 4 h postprandial (Ns = 195)

CEG A, n (%) 128 (65.0%) 112 (56.9%) 80 (41.0%)

CEG B, n (%) 67 (34.0%) 79 (40.1%) 87 (44.6%)

Correlation coefficient 0.7894 0.6130 0.6258

Measurement VPG < 5.55 mmol/L (Ns = 62) VPG ‡ 5.55 mmol/L (Ns = 527)

VPG ± 0.83 mmol/L, n (%) 9(14.5) 139(26.4)

VPG ± 2.78 mmol/L, n (%) 34 (54.8) 376 (71.3)

VPG ± 15%, n (%) 7 (11.3) 225 (42.7)

VPG ± 30%, n (%) 17 (27.4) 399 (75.7)

VPG ± 40%, n (%) 20 (32.3) 462 (87.7)

VPG ± 50%, n (%) 31 (50.0) 489 (92.8)

Measurement VPG < 5.55 mmol/L
(Ns = 62)

5.55 £ VPG £ 13.9 mmol/L
(Ns = 433)

VPG ‡ 13.9 mmol/L
(Ns = 94)

CEG A, n (%) 15 (24.2) 252 (58.2) 50 (53.2)

CEG B, n (%) 21 (33.9) 172 (39.7) 43 (45.7)

CEG C, n (%) 23 (37.1) 9 (2.1) 1 (1.1)

CEG D, n (%) 3 (4.8) 0 (0) 0 (0)

Measurement T1DM (Ns = 20) T2DM (Ns = 560)

CEG A ? B, n (%) 18 (90.0) 526 (93.9)

CEG A ? B 95% CI, % 69.9, 97.2 91.6, 95.6

Correlation coefficient 0.8087 0.6774

Correlation coefficient 95%CI 0.5558, 0.9182 0.6295, 0.7195

Bland–Altman, n (%) 19 (95.0%) 521 (93.0%)

Measurement Used insulin (Ns = 270) Unused insulin (Ns = 319)

Average error (mmol/L), mean (SD) 0.260 (3.3754) -0.087 (2.7494)

CEG A ? B, n (%) 249 (92.2) 304 (95.3)

CEG A ? B 95% CI, % 88.4, 94.9 92.4, 97.1

Correlation coefficient 0.6458 0.7055

Correlation coefficient 95% CI 0.5696, 0.7098 0.6451, 0.7562

Measurement TSH < upper limit (Ns = 527) TSH ‡ upper limit (Ns = 62)

Average error(mmol/L), mean (SD) 0.025 (3.0519) 0.476 (3.0718)

CEG A ? B, n (%) 494 (93.7) 59 (95.2)
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(85.6%). The NGM readings showed greater
clinical accuracy for FPG and plasma glucose 2 h
after a meal; this ability could satisfy the
demands of patients with diabetes to self-mon-
itor their BG and manage their disease.

Multivariate Analysis of Non-invasive BG
Monitoring
Based on the subgroup analyses of glucose
measurements at different time points, the
fasting state had higher linearity than the other
two time periods. We next analysed how vari-
ous factors affected the glucose measurements
at the different time points. We first evaluated
the accuracy of non-invasive BG monitoring:
non-invasive BG and VPG measurements were
performed for participants in the fasting state
and at 2 and 4 h postprandial for 197 subjects.
The CEG was plotted and the measurements
falling in zone A were deemed ‘good’ and
included into the ‘Good Group’, while the
measurements falling outside zone A were

deemed ‘general’ and included into the ‘Gen-
eral Group’. We then considered gender, age,
body mass index (BMI), disease course, fasting
insulin, fasting C-peptide, HOMAb (CP),
HOMAIR (CP), VPG values and non-invasive
measurements. Finally, we used the Chi-square
test to identify those variables that were signif-
icantly different in the analysis and included
them in the multivariate regression model.

In the multivariate regression model, the
difference between the non-invasive and VPG
measurements was applied to characterise the
accuracy of non-invasive BG monitoring and
used as the dependent variable in the model.
This approach allowed us to obtain the inde-
pendent factors that influence the accuracy of
non-invasive BG monitoring.

When the CEG was plotted in the fasting
state, the measurements of 121 of 197 subjects
fell into zone A, with the remaining measure-
ments falling outside of zone A. Based on the
Chi-square test, six variables were significantly

Table 2 continued

Measurement TSH < upper limit (Ns = 527) TSH ‡ upper limit (Ns = 62)

CEG A ? B 95% CI, % 91.3, 95.5 86.7, 98.3

Correlation Coefficient 0.6849 0.6857

Correlation Coefficient 95% CI 0.6363, 0.7274 0.5220, 0.7967

CEG Consensus error grid, CI confidence interval, Ns number of samples, T1DM/T2DM type 1/type 2 diabetes mellitus,
TSH thyroid stimulating hormone, VPG venous plasma glucose

Fig. 3 Linear regression (non-invasive glucose vs. VPG measurement). a Fasting state, b 2 h after meal, c 4 h after meal
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different: fasting insulin (v2 = 185.890,
P = 0.001), fasting C-peptide (v2 = 147.796,
P = 0.003), HOMAb (CP) (v2 = 187.756,
P = 0.002), HOMAIR (CP) (v2 = 187.756,
P = 0.002), the fasting VPG level (v2 = 156.556,
P = 0.004) and BMI (v2 = 108.235, P = 0.010).
These factors were used as independent vari-
ables in the multivariate regression, as shown in
Table 3. Multivariate regression analysis
revealed that these factors did not significantly

influence the accuracy of non-invasive
measurements.

When the CEG was plotted 2 h after a meal,
the measurements of 126 of 197 subjects fell in
zone A; the remaining measurements fell out-
side of zone A. Based on the Chi-square test, six
variables were significantly different: fasting
insulin (v2 = 186.309, P = 0.002), fasting
C-peptide (v2 = 146.392, P = 0.007), HOMAb

(CP) (v2 = 189.828, P = 0.003), HOMAIR (CP)

Table 3 Results of multivariate analysis of non-invasive blood glucose monitoring

Physiological states B b t P 95% CI
Fasting (n = 197)

Fasting insulin 0.011 0.102 1.379 0.170 - 0.005 to 0.026

Fasting C-peptide - 1.162 - 0.578 - 1.938 0.054 - 2.345 to 0.021

HOMAIR (CP) 0.256 0.064 0.733 0.465 - 0.433 to 0.944

HOMAb (CP) 0.074 0.370 1.114 0.267 - 0.057 to 0.204

BMI 0.051 0.087 1.077 0.283 - 0.042 to 0.144

Fasting VPG - 0.048 - 0.060 - 0.353 0.725 - 0.315 to 0.220

2 h postprandial (n = 197)

Fasting insulin 0.008 0.048 1.070 0.286 - 0.007 to 0.023

Fasting C-peptide - 2.865 - 0.918 - 7.866 0.000 - 3.584 to - 2.147

HOMAIR (CP) 0.275 0.881 7.745 0.000 0.205 to 0.345

HOMAb (CP) 0.025 0.004 0.077 0.939 - 0.621 to 0.672

BMI 0.134 0.145 2.975 0.003 0.045 to 0.223

2-h postprandial VPG - 0.781 - 0.969 - 18.193 0.000 - 0.865 to - 0.696

3–4 h postprandial (n = 195) B Beta t P 95% CI

Fasting insulin 0.001 0.006 0.111 0.912 - 0.016 to 0.018

Fasting C-peptide - 3.708 - 1.279 - 8.085 0.000 - 4.613 to - 2.803

HOMAIR (CP) 0.380 1.304 8.613 0.000 0.293 to 0.467

HOMAb (CP) - 0.307 - 0.052 - 0.835 0.405 - 1.034 to 0.419

BMI 0.080 0.092 1.556 0.121 - 0.021 to 0.182

Disease course - 0.018 - 0.052 - 0.887 0.377 - 0.058 to 0.022

4-h postprandial VPG - 0.810 - 0.947 - 13.551 0.000 - 0.928 to - 0.692

CP C-peptide, HOMAb homeostatic model assessment model for b cell function, HOMAIR homeostatic model assessment
model for insulin resistance
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(v2 = 189.828, P = 0.003), the fasting VPG level
(v2 = 186.155, P = 0.002) and BMI
(v2 = 100.910, P = 0.038). These factors were
used as independent variables in the multivari-
ate regression, as shown in Table 3. Multivariate
regression showed that four of these variables
affected the accuracy of non-invasive BG mon-
itoring 2 h after a meal: fasting C-peptide
(t = - 7.866, P = 0.000), HOMAIR (CP)
(t = 7.745, P = 0.000), the VPG level 2 h after a
meal (t = - 18.193� P = 0.000) and BMI
(t = - 18.193, P = 0.000).

When the CEG was plotted 4 h after a meal,
the measurements of 72 of 192 subjects with
valid data fell in zone A; the remaining mea-
surements fell outside of zone A. Based on the
Chi-square test, seven variables were signifi-
cantly different: fasting insulin (v2 = 179.300,
P = 0.004), fasting C-peptide (v2 = 153.672,
P = 0.001), HOMAb (CP) (v2 = 188.846,
P = 0.002), HOMAIR (CP) (v2 = 188.846,
P = 0.002), the VPG level 4 h after a meal
(v2 = 177.825, P = 0.002), BMI (v2 = 108.983,
P = 0.010) and the disease course (v2 = 40.923,
P = 0.022). These factors were used as indepen-
dent variables in the multivariate regression, as
shown in Table 3. Multivariate regression
showed that three of these variables signifi-
cantly affected the accuracy of non-invasive BG
monitoring 4 h after a meal: fasting C-peptide
(t = - 8.085, P = 0.000), HOMAIR (CP)
(t = 8.613, P = 0.000) and the VPG level 4 h
after a meal (t = - 13.551, P = 0.000). Table 3
shows detailed data and Fig. 4 shows the mul-
tifactor analysis forest map.

When exogenous insulin is used, the HOMA
index calculated from peripheral insulin cannot
be used to describe insulin resistance. Therefore,
in this study we use HOMA (CP) calculated by
the FCP to decrease the impact of exogenous
insulin. In addition, to make the conclusion
more rigorous, HOMA analysis was also con-
ducted specifically for non-insulin users. The
results are shown in ESM Table S3, and the
trend is the same as that shown in Table 3.

DISCUSSION

The fingerstick capillary BG meter and CGM are
used to determine the absolute value and trend
of current BG levels, respectively. However,
these methods cannot directly detect BG in
blood or tissue fluid. In contrast, non-invasive
BG measurement technologies, including the
technology discussed in this study, provide a
calculated BG value based on comprehensive
processing of collected data collected, with the
BG value inferred from the current actual BG
measurement. When evaluating the accuracy of
a non-invasive BG meter, the limitations and
application of the technology adopted should
be considered. For example, for people with
suspicious impaired glucose regulation, NGM
should be used to improve the sensitivity of
monitoring of abnormal BG. However, when
PWD use NGM to self-monitor BG, the focus
should be on improving the accuracy in deter-
mining whether the actual BG level is higher
than the target value, and further improving
the sensitivity of identifying hypoglycaemia
when possible. In this context, non-invasive BG
monitoring methods should impact the clinical
decision as little as possible.

The ISO15197:2013 standard is an accuracy
evaluation standard applicable to BG monitor-
ing systems used by the general public [24].
Such specific technical standards do not con-
sider the actual effect of the current non-inva-
sive BG monitoring technologies, so the
provisions in the standard are more relevant to
fingerstick BG meters. Because there are no
recognised standards on the accuracy of non-
invasive BG meters, in the present study we
used some methods covered by the
ISO15197:2013 to analyse our results.

CEG analysis is a comprehensive evaluation
method that considers the accuracy and influ-
ence of variables on clinical decision-making.
Each zone of the CEG represents a different
degree of risk for the patient with diabetes
according to the ISO 15197:2013 standard, with
zone A representing ‘‘no effect on clinical
action’’; zone B, ‘‘altered clinical action—little
or no effect on clinical outcome’’; zone C, ‘‘al-
tered clinical action—likely to affect clinical
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outcome’’; zone D, ‘‘altered clinical action—
could have significant medical risk’’; and zone E,
‘‘altered clinical action—could have dangerous
consequences’’. When the results fall into zones
A ? B, the clinical outcome has little or no
influence, but when the results fall into zone C,
D or E, adverse clinical outcomes may thus
increase [24]. In the present study, 93.9% of the
data fell within zones A ? B (with 54.3% in
zone A), showing that overall there was no
influence of the clinical outcome. The remain-
ing 6.1% of the results fell within zones C ? D,
with no results in zone E, indicating that MHC-
based non-invasive BG monitoring is a relative
safe method to determine the proper clinical
decision. The results of this investigation are
consistent with those of previous single-centre
studies. Our data are comparable to GlucoTrak
measurements reported in Israel [27], although
different methods were employed in that study.

In terms of the accuracy of a NGM, there are
certain limitations when applying the ISO15197
standard, mainly represented by the allowance
range of extreme BG values and the absolute
value of the obtained data. Such limitations are
obvious for hypoglycaemia and the MARD data
in this study and the study on GlucoTrak [27].
For ethical considerations, hypoglycaemia data
were collected passively in the NGM study
without ‘creating’ greater hypoglycaemic epi-
sodes to subjects; it should be noted that
extreme values can be ‘created’ by directly
diluting BG samples for the fingerstick capillary
BG meter and ,therefore, there was limited
hypoglycaemia data in the present study. In the
hypoglycaemic state, the body presents symp-
toms such as decreased extremity skin temper-
ature, an increased blood flow rate and wet and
cold skin due to increased sympathetic nerve
excitability, all of which affect the parameters
obtained with the MHC-based method. Hence,

a non-invasive BG model for hypoglycaemia
should be constructed independent of these
symptoms. Moreover, the establishment and
verification of a non-invasive BG model for
hypoglycaemia faces great future challenges
because some PWD suffer from hypoglycaemia-
associated autonomic failure.

We analysed the factors affecting the accu-
racy of non-invasive BG monitoring at different
time points. We found that gender, age and the
disease course did not affect the accuracy of the
non-invasive BG monitoring. Hence, we con-
clude that the MHC-based method is suit-
able for PWD regardless of their age, gender or
disease course.

The results of our preliminary single-centre
study showed the influence of fasting insulin
and fasting C-peptide, while in the study itself,
we introduced HOMA (CP) and other indexes
for multivariate analysis. We found that the
fasting C-peptide level was always an indepen-
dent factor affecting the accuracy of non-inva-
sive BG monitoring during fasting and at
different times after a meal, indicating that the
poorer endogenous insulin secretion, the lower
the ability of the tissues to use glucose for
metabolism. Consequently, we conclude that
the C-peptide level significantly influences the
accuracy of the MHC-based BG monitoring at
all measurement times. HOMAIR is another
independent factor that affects the BG mea-
surements at different times after meals, but in
the present study it did not influence fasting BG
measurements. This finding suggests that the
more severe the insulin resistance of the
patients, the poorer the accuracy of the post-
prandial BG measurement. As insulin resistance
increases, the efficiency of glucose metabolism
in tissues gradually decreases, showing an
independent influence on the accuracy of
postprandial BGmeasurements. In addition, the
fasting insulin level and BMI did not influence
BG at the 4-h postprandial measurement com-
pared with the independent influence of BMI
on BG at the 2-h postprandial measurement,
possibly due to its relevance to glucose absorp-
tion at the 4-h postprandial time point. How-
ever, the fasting C-peptide level and HOMAIR

(CP) still significantly influenced BG at the 4-h
postprandial time point, suggesting that these

bFig. 4 Curves of HOMAIR–MARD and HOMAb–
MARD. BMI Basal metabolic index, CI Confidence
interval, CP C-peptide, HOMAb homeostatic model
assessment model for b cell function, HOMAIR homeo-
static model assessment model for insulin resistance,
MARD mean absolute relative difference, ETD estimated
treatment difference (Here means the difference of non-
invasive glucose estimated accuracy)
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variables are better predictors of endogenous
islet function and insulin resistance,
respectively.

We built an individualised metabolic heat
model for each subject by recording the per-
sonal FBG level on the screening day. Of note,
multivariate analysis showed that the FBG level
did not influence the accuracy of non-invasive
BG monitoring. Considering that the VPG value
at the corresponding time point was an inde-
pendent factor that affected the BG measure-
ments at the 2- and 4-h postprandial time
points, it may be necessary to calibrate the 2-h
postprandial BG to provide the best MHC-based
non-invasive BG monitoring, for it might pro-
vide a better fit for determining the BG level
than FPG. After a meal is consumed, insulin
secretion surges and subsequently inhibits
hepatic glucose production and promoting the
transportation of glucose absorbed by the
intestinal tract to peripheral tissues. In addition
to the timing of postprandial BG calibration,
the influence of meal type and other factors
need to be studied, taking into consideration
the postprandial timeliness of the aforemen-
tioned physiological changes.

To summarise, MHC-based non-invasive BG
monitoring can meet the current need of daily
self-monitoring by PWD. However, it requires
further investigation and algorithm-based
improvement in certain areas, including build-
ing a corresponding hypoglycaemia model,
considering more patients with type 1 diabetes
mellitus and optimising postprandial BG deter-
mination and the time interval between two
continuous calibrations. Also, we believe that
nowadays non-invasive BG monitoring should
not be evaluated based on the same require-
ments for point-of-care glucometers or CGM.

CONCLUSIONS

The tested MHC-based mobile glucometer
showed good clinical accuracy for BG measure-
ment in Chinese PWD. It is a promising device
for PWD in their daily BG monitoring. Further
investigation of diabetes types, hormone levels,
extreme samples and the non-equilibrium pro-
cess of glucose metabolism may help to achieve

greater accuracy of a MHC-based NGM and a
broader useful range of BG measurements. This
study provides a reference and help to develop
in-depth investigations of non-invasive
methods.
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