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Abstract: The aim of this research is to present the effects of acupuncture treatment on morning blood
glucose level (BGL) in type 2 diabetes mellitus (T2DM) patients, and to describe them by a predictive
model. The morning BGL is measured after overnight fasting during a three-month long acupuncture
treatment for two persons diagnosed with T2DM and is compared with the BGL of two persons in
similar health conditions taking only metformin-based drugs. It is shown that the morning BGL
is highly affected by each single acupuncture treatment and by the number of the already applied
treatments. Significant lowering of BGL after each treatment is observed, as well as an overall BGL
lowering effect, which is the result of the repeated acupuncture. The observed BGL reduction was
found to be maintained during a follow-up performed a year after the acupuncture. The measured
BGL dynamics curves are analyzed and described by a model. This model describes well all of the
key features of the measured BGL dynamics and provides personal parameters that describe the BGL
regulation. The model is used to simulate BGL regulation by acupuncture performed with different
frequencies. It can be used generally to predict the effects of acupuncture on BGL and to optimize
the time between two treatments. The results will enable a better understanding of acupuncture
application in diabetes, and a prediction of its effects in diabetes treatment.

Keywords: diabetes mellitus; insulin resistance; treatment; blood glucose level; acupuncture;
modelling; prediction

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by
elevated blood glucose levels (BGL) resulting from peripheral insulin resistance and pro-
gressive defective insulin secretion [1] and currently affects around 537 million adults
(20–79 years old) worldwide. In addition, another 541 million adults have been diagnosed
with impaired glucose tolerance or prediabetes—a state in which blood glucose levels are
higher than normal but not high enough to be classified as diabetes—the majority of whom
will eventually develop T2DM [2,3]. Elevated and poorly regulated BGLs affect multiple
organ systems, resulting in the development of complex comorbidities, including coronary
disease, cerebrovascular incidents, kidney failure, and blindness, ultimately contributing
to higher mortality rates. The burden on public health systems and healthcare spending
associated with treating these conditions is significant and amounted to US$237 billion in
2017 in the US alone [4].

In the past years there has been a growing interest in the study of the potential benefits
of acupuncture and electroacupuncture—a technique that involves the application of elec-
trical stimulation to acupuncture points—in the management of diabetes and prediabetes,
techniques which have shown promising results as complementary treatment options.
These have been demonstrated to be effective when correcting multiple metabolic disorders
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such as hyperlipidemia, obesity, hyperglycemia, inflammation, and insulin signaling de-
fects, contributing a to decrease in insulin resistance, lowering blood glucose levels (BGLs)
and improving impaired lipid metabolisms in both humans and animals [5–23]. Further-
more, it has been shown that, in patients already receiving therapy for T2DM, acupuncture
combined with pharmacological therapy is more effective than pharmacological therapy
alone in glycemic control [13,19]. Therefore, non-insulin-dependent diabetes mellitus is
on a World Health Organization (WHO) list of diseases for which the therapeutic effect
of acupuncture has been shown but for which further proof is needed [24]. Although
the results are promising, the effects of acupuncture on diabetes are still not completely
understood and further research is ongoing.

Mathematical modelling of blood glucose levels is helpful in the prevention, diagnosis
and treatment of diabetes mellitus due to its predictive nature and its ability to improve
our understanding the underlying processes. Numerous models have been developed
for distinct aspects of BGL and diabetes, including a description of BGL dynamics using
whole-body models, developed under a pharmacokinetic–pharmacodynamic approach, or
physiology-based models, which describe the physiological interactions between different
subsystems of the human body [25–27]. There are also models for the prediction of various
parameters of diabetes based on machine learning methods or on a convolutional neural
network, as well as many others [28,29]. However, models for predicting the acupunc-
ture effects on BGL in patients with diabetes, or for understanding its mechanisms, are
entirely missing.

In this paper the dynamics of morning blood glucose levels (BGL) during a multiple
acupuncture treatment are examined for two patients recently diagnosed with T2DM,
and are described by a predictive mathematical model. The obtained BGL properties are
compared with the BGL values of two persons with similar health conditions, who are
each undergoing only a metformin-based drug treatment. Significant differences in the
treatment’s effects on BGL are noticed and explained. We further provide a predictive
mathematical model to describe the morning BGL dynamics caused by acupuncture treat-
ments. The model clearly describes all main features of the experimentally measured BGL.
The fitting of the measured BGL using the model enables the determination of several
important parameters, including time response of the body to the acupuncture treatment,
the level of the body’s response, and the predicted time to achieve normalization of BGL.

The manuscript is organized as follows. The introduction is followed by Section 2,
which describes the patients who participated in the research, and the description of the
acupuncture protocol and drugs they received. The main results are given in Section 3,
which is divided into four subsections presenting the (i) obtained measurements of the
glucose levels and their qualitative analysis, (ii) modelling and mathematical description
of the measured glucose levels, (iii) simulations and the predictions of the glucose levels
based on the model and (iv) analysis of the measured glucose levels using the proposed
model. The discussion of the obtained results and their importance is given in Section 4,
while the main findings are summarized in Section 5.

2. Materials and Methods

Four patients diagnosed with T2DM but with different backgrounds volunteered for
this case study and signed informed consents were obtained from all. Two of them received
acupuncture treatment, while the other two were treated only by drugs for diabetes. The
BGL was measured each morning after an overnight fasting using a Bionime GM550 device.
All measurements in this paper refer to the morning BGL, measured after overnight fasting,
so the term BGL will be used in the rest of the text.

All patients were chosen for their motivation to participate in a complementary,
non-standard treatment of T2 DM, and readiness to adhere to treatment for the planned
three-month research. However, the two patients who received acupuncture were chosen
explicitly for their different lifestyles in order to determine the effects of acupuncture on
BGLs and to exclude the possible effects of lifestyle and administered drugs. Patient 1 was
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chosen for her normal body mass index (BMI) and lack of antidiabetic drug therapy, and
was encouraged to continue taking care of proper diet and exercising. Patient 2 was chosen
for being overweight, not following the recommended healthy lifestyle for T2DM patients
and for already taking metformin-based drugs. All patients agreed not to receive additional
acupuncture treatments during the time of this research.

Patient 1 is a 52-year-old female, with no prior chronic diseases and unremarkable
personal history, normal BMI (21.3 kg/m2), healthy lifestyle and positive family history
of T2DM in a first-degree relative (father). The elevated BGLs were first noticed during
a routine doctor’s examination 7 months prior to the first acupuncture session. The BGL
at the time of diagnosis was 9.3 mmol/L, indicative of T2DM. Extensive diabetes self-
management education and a trial of individualized medical nutrition therapy were each
pursued for three months, resulting in significant lowering of BGLs to an average of
7.2 mmol/L, without achieving prediabetes or normal BGL values. After she was reluctant
to begin the suggested therapy with metformin, the preferred initial glucose-lowering
medication, a trial period of two weeks of acupuncture was initiated with very good results,
which encouraged her to continue in our study without pharmacological therapy.

Control 1 is 68-year-old female with a comparable lifestyle to Patient 1. She has no
chronic diseases and an unremarkable personal history, a healthy lifestyle and a posi-
tive family history of T2DM in a first-degree relative (father). She is overweight (BMI
27.19 kg/m2) and was diagnosed with T2DM several years ago, with an initial blood
glucose value of 9 mmol/L. Since then, she has been taking metformin 1000 mg/day,
exercising on a regular basis and strictly adhering to nutrition advice provided by medical
counselor. Blood glucose levels have since become stable, averaging around 6 mmol/L
with moderate variability.

Patient 2 is a 53-year-old male, who was first diagnosed with T2DM during hospi-
talization for urgent cholecystectomy, where his initial BGL had a value of 30 mmol/L.
He was immediately started on metformin 1000 mg/day, which resulted in a rapid fall
of fasting BGL to an average of 9 mmol/L, two months prior to the first acupuncture
treatment. Patient 2 is overweight (BMI 27.61 kg/m2) and changed neither his nutritional
nor his life habits. His family history for T2DM is negative.

Control 2 is 73-year-old male, in similar health condition as Patient 2. He is obese (BMI
31.7 kg/m2), does not perform physical exercise and is following neither the instructions
for a healthy diet nor for healthy life habits. He was diagnosed with diabetes several years
ago, with initially very high BGL values (larger than 30 mmol/L) and has since been taking
metformin with vildagliptin 1000 mg/day. The BGL stabilized at an average of about
9 mmol/L after starting with drug therapy, with periodic larger fluctuations. His family
history for T2DM is also negative.

The acupuncture treatments were performed on Patient 1 and Patient 2 mostly twice a
week, on every first and third or every first and fourth day, as this frequency ensured the
patients’ best adherence to the foreseen three-month protocol, due to their life and work
schedule The session duration was limited to 25 min, which was precisely timed, in order
to keep the treatment duration and treatment frequency variations between participants to
a minimum. The point selection for acupuncture was identical for both patients and has
been made according to [21,22], as these were demonstrated to have a significant impact
on lowering fasting BGL. The following points were selected: BL13 Feishu, BL20 Pishu,
BL23 Shenshu, BL43 Gaohuangshu, Yishu, SP6 Sanyinjiao, ST36 Zusanli, LiV3 Taichong,
LU5 Chize, LU10 Yuji, LI4 Hegu, CV4 Guanyuan, CV6 Quai, CV12 Zhongwan, CV23
Lianquan, and KI3 Taixi. All the points were located in accordance with the WHO standard
acupuncture point locations. Electroacupuncture was applied to points ST36 bilaterally and
CV4-CV12, with frequency of 2Hz in duration of 20 min. The acupuncture treatment was
not personalized, i.e., it was not tailored and modified according to the patient’s individual
needs and symptoms at the specific time. Rather the chosen protocol was applied in full
throughout the planned three month time frame in both patients, without any additional
stimulation through additional acupuncture. Both patients received 20 treatments in total.
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The applied treatment of acupuncture was considered successful upon the achievement of
a target fasting BGL below 7 mmol/L, the critical value for diabetes diagnosis [30].

After 12 treatments, Patient 1 contracted COVID-19, so the treatment was interrupted
for 3 weeks. A similar break of 2 weeks was made accordingly in the treatment of Patient
2. After the break, 8 further treatments were performed, 20 in total, which was enough to
achieve glycemic target in both patients. The control of the achieved results for both patients
was performed 1 year after the acupuncture. It consisted of the BGL measurements using the
same procedure as during the acupuncture, of course without the acupuncture treatment.

The patients Control 1 and Control 2 are taking only daily medication without acupunc-
ture. In each of these cases, the drugs caused fast lowering of the initially high BGL, after
which it stabilized at the mentioned levels. Both of the patients are continuously measuring
their morning BGL values.

3. Results
3.1. Measurement and Analysis of the Glucose Level

The dynamics of the morning BGL during the acupuncture treatment of Patient 1
is shown in Figure 1. Figure 1a shows the glucose level during the first 12 acupuncture
treatments after which the patient contracted COVID-19, interrupting the acupuncture for
3 weeks. After that break, eight additional treatments were performed, and the glucose
level measured for that period is shown in Figure 1b. Both curves show clear oscillations,
with the peaks determined by the time of applied acupuncture treatment, so the following
text is focused on their description and analysis.

Sci 2023, 5, x FOR PEER REVIEW 5 of 21 
 

 

Three important features can be resolved from the measured BGL shown in Figure 
1a and they are used for the predictive modelling of the BGL during acupuncture (next 
section): 
(i) Lowering effect. The glucose level significantly lowers after each single acupuncture 

treatment (green arrows); the reduction is especially strong after 2 treatments that are 
closer together in time (2 days separation). A delay in the response of the body of 
about 2–3 days is evident. 

(ii) Rising effect. The glucose level rises back to the initial high value during the 5 day 
acupuncture-free period for the first 9 acupuncture treatments (red arrows). 

(iii) Overall lowering effect. An overall lowering effect, i.e., BGL normalization, was ob-
served after the 10th treatment, so the glucose level dropped below 6.2 mmol/L after 
the 12 treatments (violet dashed-line arrow). 

 
Figure 1. (a,b) Blood glucose levels during acupuncture as function of time for Patient 1. The days 
in which the acupuncture was received are indicated by vertical pink dashed lines, while the pink 
numbers above them indicate the number of the already applied treatments. Blue arrows and num-
bers indicate the minima of the glucose level that appear after each acupuncture treatment and the 
number of the applied treatments. The lowering and rising effects are denoted by green and red 
arrows. The overall lowering effect is indicated by dashed violet arrows. The small, red horizontal 
arrow indicates the break in the acupuncture due to COVID-19. Normal, prediabetes and diabetes 
BGL are indicated by green-yellow and red patterns (color areas). (c) BGL for Patient 1 controlled 1 
year after the acupuncture treatment. (d) BGL during metformin-based treatment of Control 1 with 
a similar disease history. The average BGL value is indicated by horizontal blue line. 
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important finding is that the overall lowering effect was achieved after only four treat-
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treatment, and is shown in Figure 1c. The average (mean) value is 5.76 mmol/L, with a 
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The presented BGL measurements are compared with those taken from Control 1, 
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Figure 1. (a,b) Blood glucose levels during acupuncture as function of time for Patient 1. The
days in which the acupuncture was received are indicated by vertical pink dashed lines, while the
pink numbers above them indicate the number of the already applied treatments. Blue arrows and
numbers indicate the minima of the glucose level that appear after each acupuncture treatment and
the number of the applied treatments. The lowering and rising effects are denoted by green and red
arrows. The overall lowering effect is indicated by dashed violet arrows. The small, red horizontal
arrow indicates the break in the acupuncture due to COVID-19. Normal, prediabetes and diabetes
BGL are indicated by green-yellow and red patterns (color areas). (c) BGL for Patient 1 controlled
1 year after the acupuncture treatment. (d) BGL during metformin-based treatment of Control 1 with
a similar disease history. The average BGL value is indicated by horizontal blue line.

The time of each acupuncture treatment is indicated by vertical pink dashed lines in
Figure 1 and numerated by pink numbers above each dashed line. Thus, the treatments
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were performed twice a week. Usually, two treatments were applied with two days
separation, followed by a five day acupuncture-free period, as described previously.

The BGL (black curve in Figure 1a) has an initial value of 7.2 mmol/L before the
acupuncture. This significantly lowers after each treatment, followed by an increase back
to the high value in the acupuncture-free period, causing its oscillatory behavior, as visible
from Figure 1a. The minima of the BGL oscillations are indicated by blue arrows and
numerated by blue numbers. Thus, each minimum (i.e., the blue number) can be easily
related to the corresponding number of the applied treatment (pink number). It is clearly
visible that each treatment causes a significant lowering of the BGL (indicated by green
arrows), however, the lowering effect does not appear immediately after the acupuncture,
but is shifted for 2–3 days. Thus, each treatment and its corresponding minimum, having
the same order numbers, are always shifted for 2–3 days.

The lowering effect is especially strong after the 2 closer treatments (2 day separation).
Therefore, we can observe the strong lowering effect in the graph after the 2 closer treat-
ments (1 and 2, 3 and 4, 5 and 6 . . .) with the 2 minima corresponding to the 2 treatments.
After each strong lowering effect, the glucose level raises back to the initial high level
(7.2 mmol/L) during the longer acupuncture free period (5 days) for the first 9 treatments.
The increase is emphasized by red arrows in Figure 1. Finally, an overall lowering effect, in-
dicated by violet arrows, is observed after the 10th treatment. In that case the glucose level
does not increase back to the initial level of 7.2 mmol/L, but starts to lower as well. The
maximal increase of about 6.2 mmol/L was observed after the 12th treatment. After that,
Patient 1 contracted COVID-19, so the acupuncture and measurements were interrupted
for three weeks.

Three important features can be resolved from the measured BGL shown in Figure 1a
and they are used for the predictive modelling of the BGL during acupuncture (next section):

(i) Lowering effect. The glucose level significantly lowers after each single acupuncture
treatment (green arrows); the reduction is especially strong after 2 treatments that are
closer together in time (2 days separation). A delay in the response of the body of
about 2–3 days is evident.

(ii) Rising effect. The glucose level rises back to the initial high value during the 5 day
acupuncture-free period for the first 9 acupuncture treatments (red arrows).

(iii) Overall lowering effect. An overall lowering effect, i.e., BGL normalization, was
observed after the 10th treatment, so the glucose level dropped below 6.2 mmol/L
after the 12 treatments (violet dashed-line arrow).

Figure 1b shows the BGL measurements after the illness. First, we notice that the
glucose level increased to the initial level of about 7.2 mmol/L during disease. However, the
same pattern of glucose level behavior can be observed as in Figure 1a. More precisely, the
measurements again show the characteristic lowering and rising effects after each treatment,
but the measurements are much noisier than those from Figure 1a. We attribute the noise
directly to SARS-CoV2 and its effect on glucose metabolism [31–33]. Another important
finding is that the overall lowering effect was achieved after only four treatments, and
the glucose level of about 5.7 mmol/L generally remained constant after the acupuncture
treatment is stopped. The same (average) level is kept for one year after the treatment,
and is shown in Figure 1c. The average (mean) value is 5.76 mmol/L, with a standard
deviation of 0.54 mmol/L, which is almost the normal BGL value. This is achieved only by
acupuncture and a healthy lifestyle.

The presented BGL measurements are compared with those taken from Control 1,
who has a similar disease history and similar nutrition and exercise habits. They are shown
in Figure 1d. The BGL measurements are taken after the initial rapid reduction from
9 mmol/L caused by the drugs. The mean value is 6.11 mmol/L and standard deviation
0.31 mmol/L. This BGL curve is similar to the measurements shown in Figure 1c, taken
for Patient 1 one year after the acupuncture. However, it shows significantly different
properties than the BGL measured during the acupuncture treatment, shown in Figure 1a,b.
The first difference refers to the BGL fluctuations which are more rapid and random. No
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correlation with the day of treatment is visible as for the case of acupuncture treatment
(lowering and rising effects). The overall lowering happened immediately after the therapy
was started and since then the BGL fluctuate slightly around the value of about 6 mmol/L.

Thus, both treatment methods produced similar final results, lowering the BGL from
about 9 mmol/L to near 6 mmol/L for both patients (Patient 1 and Control 1). The main
differences are: (i) the targeted BGL value was achieved only by acupuncture treatment
for Patient 1 (no drugs included); (ii) the normalization of BGL was much faster for the
metformin-based therapy (Control 1), but constant therapy is necessary, which is not the
case for Patient 1; and (iii) the oscillations related to the day of treatment are absent for the
drug-based therapy (Control 1), which shows only standard BGL fluctuations.

The same procedure is applied to the BGL levels of Patient 2, and Control 2. The
measurements are shown in Figure 2. The main differences in the experimental conditions
with respect to Figure 1, are: (i) the frequency of the acupuncture therapy changed slightly
for Patient 2. It started with 1 therapy per week (6- and 8-day separation), and continued
with 2 per week (2- and 5-day separation); (ii) Patient 2 and Control 2 do not have as healthy
a lifestyle as Patient 1 and Control 1, including their adherence to diet and exercise; and (iii)
Patient 2 has been undergoing a metformin-based therapy in addition to the acupuncture,
while Patient 1 received only acupuncture. Due to the larger separation of treatments the
overall time for 12 treatments was longer for Patient 2 (67 days) than for Patient 1 (43 days).
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Figure 2. (a,b) Blood glucose levels during acupuncture as a function of time for Patient 2. The days
in which the acupuncture was received are indicated by vertical pink dashed lines, while the pink
numbers above them indicate the number of the treatment. Blue arrows and numbers indicate the
minima of the glucose levels that appear after each acupuncture treatment, and the number of the
treatment. The lowering and rising effects are denoted by green and red lines. The overall lowering
effect is indicated by dashed violet arrows. Small red horizontal arrows indicate the break in the
acupuncture treatment. Normal, prediabetes and diabetes BGL are indicated by green-yellow and
red patterns (color areas). (c) BGL of Patient 2 controlled 1 year after the acupuncture treatment.
(d) BGL during metformin-based treatment of Control 2, with a similar disease history.

The BGL measurements of Patient 2 during the acupuncture treatments before and
after the break are shown in Figures 2a and 2b, respectively. First, we can note that the
lowering, rising and overall lowering effects are also clearly visible for Patient 2 (indicated
by green, red and violet arrows respectively) as was the case for Patient 1. The effect
again follows the frequency of the acupuncture, although it is different than for Patient
1 and changes during the treatment. The effect of the overall lowering also begins after
the 10 therapies, as it does for Patient 1 (Figure 2a), and the BGL increased to the elevated
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value during the break. The overall lowering was also achieved after the four therapies
after the break (Figure 2b) as is the case in Figure 1b. Finally, the reduced BGL value was
also present at the check performed one year after the treatment as visible in Figure 2c.
The mean value of 5.95 mmol/L and the standard deviation of 0.27 mmol/L show that the
values are kept close to normal. Thus, all of the main effects of the acupuncture treatments
are the same for both patients, though they have different backgrounds and different
acupuncture frequencies.

The main difference in the results is that the measurements of Patient 2 are noisier,
which we can attribute to the non-healthy lifestyle affecting the BGL variation, as will be
explained in Section 4. The measurements for Control 2, with similar habits and undergoing
only drug therapy, are shown in Figure 2d. In this case, the mean BGL value is 8.2 mmol/L
with a standard deviation of 0.63 mmol/L. Patient 2 had a similar mean BGL value before
the acupuncture treatment, when undergoing only a metformin-based therapy as Control 2.

A detailed analysis of the BGL measurements from Figures 1 and 2 was performed
to enable better visibility and understanding of the observed effects. It includes a de-
termination of the maximal, minimal and averaged (main) values of the measured BGL
during each week of the treatments. These are shown in Figure 3. The measurements
from Figures 1 and 2 are indicated by light gray lines.

The maximal BGL values, shown by the red line and symbols in Figure 3a, show the
maximal values of BGL for Patient 1 during each of the 1 week periods (two treatments).
It has an approximately constant value of 7.2 mmol/L, until the 10th treatment. This fact
shows that the BGL rises back to its initial (high value), after each reduction by acupuncture
in that period. After the 10th treatment, the maximal value dropped to the lower value of
about 6.9 mmol/L, showing the beginning of the overall lowering effect. The average BGL
value, denoted by the green line and symbols, shows that the average BGL lowers with
each new acupuncture treatment, as early as the second treatment. This drop is larger after
the 10th treatment when the overall lowering is observed. The minimal values of the BGL
are shown by the blue line and symbol. This curve shows a similar lowering effect as the
average value curve, and drops in the normal BGL range after the 10th treatment.

The same properties, but with a more obvious BGL drop for all values (maximal, aver-
age and minimal) are visible in Figure 3b. This shows the properties of the eight treatments
performed for Patient 1 after contracting COVID-19 (measurements from Figure 1b). The
maximal values start to lower after the four treatments (16th treatment) as well as the
average and minimal values. All values are below the diabetes BGL limit (6.9 mmol/L).
The values stabilized after the 18th treatment and stayed nearly constant even one year
after the acupuncture, as is visible in Figure 3c. The minimal and most of the average
values are in the regime of normal BGL, while the maximal values are very slightly above
the normal value. The values for Control 1, shown in Figure 3d, are also nearly constant
and slightly above the normal values.

The analogue analysis for Patient 2 and Control 2 are shown in Figure 3e–h. They
all show the same main properties, including overall reduction (Figure 3e,f), achieving an
almost normal BGL value which was kept for at least 1 year after the treatments (Figure 3g).
The main difference is the smaller BGL variability of the achieved BGL for Patient 2, which
is probably the consequence of the metformin therapy. Another difference is the much
higher BGL values for Control 2 (Figure 3h), which are all still in diabetes range. We
believe this fact is the consequence of a nonhealthy lifestyle and probably to some extent to
differences in their age.
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Figure 3. Analysis of the measured BGL, including maximal, average and minimal values of BGL
during the acupuncture or drug treatment. (a–d) Patient 1 and Control 1, i.e., analysis of the
measurements from Figure 1. (e–h) Analysis of the BGL values for Patient 2 and Control 2, i.e.,
the measurements from Figure 2. The measurements taken for the analysis are indicated by light
gray lines. Maximal value is indicated by red, average by green, and minimal value by the blue
line and symbols. The averaging and determination of the maximal and minimal glucose levels are
performed over a time interval that included two acupuncture treatments or seven days of taking the
drug-therapy. The time of acupuncture treatment is indicated by vertical dashed pink lines. Normal,
prediabetes and diabetes BGL are indicated by green-yellow and red patterns (color areas).

In summary, each acupuncture treatment lowers the blood glucose level, and the
lowering effect is maximal approximately 2–3 days after the acupuncture. However, the
glucose level rises back to the initial high value in the acupuncture-free period. These
oscillations in the BGL curve occur until some critical treatment, after which it starts to
lower as well, so an overall lowering is visible. The critical treatment, i.e., the overall
lowering, is achieved after the 10th treatment in the first acupuncture cycle, and after
the 4th treatment in the second acupuncture cycle. The drug-based therapy causes fast
overall lowering, but no oscillations related to the time of treatment are visible. Another
relevant feature is that all of the important effects of the acupuncture are the same for both
treated patients, although they are very different in their lifestyle and the way in which they
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are taking drugs for diabetes. This eliminated many alternative possible reasons beyond
acupuncture that might cause BGL normalization.

3.2. Modelling of the Glucose Levels

Based on the presented measurements, a model is proposed that mathematically
describes the BGL over time during the acupuncture treatment. The function that describes
the BGL dependence on time (t) is denoted by Gl (t), and the total number of applied
acupuncture treatments is denoted by NA. Gl (t) has a constant value equal to the elevated
BGL named Ghigh, before the first treatment (i = 0), where i is the number of the already
applied acupuncture treatments. For details, please see the Equations (A1) and (A2) given
in Appendix A.

Gl (t) assumes the existence of three main effects, as was observed in the experiment
presented in the previous section. Thus, it actually consists of three sub-functions (named
F1–F3), each of which describe one of the observed effects. Their main features are shown
in Figure 4 and include:
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Figure 4. Properties of the functions used for modelling of BGL during acupuncture. (a) Function
F1 shown by the green line describes the lowering of the BGL by acupuncture towards a normal
value Gnorm, while F2 (red line) represents its rising back to the elevated value Ghigh. The resulting
function shown by the blue line is the sum of F1 and F2. The time of the acupuncture (tAP) is denoted
by the vertical pink dashed line, while the time when its effect starts to be visible (t0) is denoted by
the vertical blue dashed line. This means that there is a delay in the body’s response named tdelay.
(b–d) Simulations of F1 and F2, and their sum using three different function parameters Cdown for F1
and Cup for F2 corresponding to faster and slower body responses. (e) Simulation of the BGL for the
multiple acupuncture treatment using functions F1 and F2 only. This describes only the oscillatory
nature of the measured curves caused by acupuncture. The time of the acupuncture is shown by the
pink dashed line. (f) The effect of the addition of function F3, corresponding to the overall lowering,
to F1 and F2 on the BGL. This lowers the value of Ghigh towards Gnorm during the treatment which
then stabilizes at the value Geq, which may be different from Gnorm. The effect is illustrated by violet
arrows, while its beginning is denoted by vertical violet dashed line.

1. Establishment of the normal glucose level by a single acupuncture treatment—
lowering effect. This is described by the function F1 (t) (for details see Appendix A,
Equations (A3)–(A6)), which defines the lowering of the glucose level over time from the
elevated level Ghigh towards the normal level Gnorm. The function is illustrated in Figure 4a
by the green line. The time of the acupuncture is denoted by tAP, and the time when
the effect of the acupuncture starts to be measurable is ta. Thus, a delay in the body’s
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response to the acupuncture exists as was observed in the experiment, and that time is
denoted by tdelay.

2. Raising the glucose level from the normal value back to the elevated value Ghigh
after a single acupuncture treatment—rising effect. This function, named by F2 (t) is plotted
by the red line in Figure 4a, and its details are given in Appendix A, Equations (A7)–(A10).
The same delay time of the response (tdelay) is assumed as that for the F1.

The sum of these two effects is illustrated by the blue dash-dot line in Figure 4a, and
corresponds to the oscillations of the glucose level observed in the experiment after each
acupuncture treatment (Figure 1). The functions F1 and F2 are described by parameters
Cdown and Cup, respectively, which determine the slope of lowering and rising. Simulations
of the functions F1 and F2 using different values of the parameters Cdown and Cup are
shown in Figure 4b–d. Clearly, the increase of the parameters Cdown and Cup causes the
slower lowering and rising effects, respectively. These actually describe the level of the body
response to the treatment. We additionally assume that the constants Cdown and Cup in
functions F1 and F2 depend linearly on the number of the already applied treatments. This
effect is described by the two constants a1 and a2 (Appendix A, Equations (A6) and (A10)).
Thus, their values associated with BGL lowering and rising may change during the multiple
acupuncture treatments.

The simulation of the BGL in a multiple acupuncture treatment using only functions
F1 and F2 is shown in Figure 4e. Although the functions clearly describe the oscillations
visible in the experiment, the glucose level always rises back to its initial value Ghigh after
the acupuncture treatment. The overall lowering effect that is observed experimentally
cannot be described using those functions alone. Therefore, a third function F3 is needed to
obtain the complete description, as it is described in the following text.

3. Lowering the value of Ghigh over time towards a normal level Gnorm—overall
lowering effect. This function describes the lowering of the maximal elevated sugar
level after several acupuncture treatments. It was observed experimentally after the 10
and 4 acupuncture treatments in Figure 1a,b and Figure 2a,b, respectively. This actually
represents the long-term effect of the acupuncture treatment. It is named F3 (t) and is
shown in Figure 4f. This function is needed in addition to F1, because F2 always raises
the glucose level back to the Ghigh value after the treatment is stopped. F3 is described
by parameters Cslow and a3, defining the strength of the lowering effect. Formula and all
details of F3 are given in the Appendix A Equations (A11)–(A13). In the simulation shown
in Figure 4f, this function has no effect until the eighth acupuncture treatment (indicated
by violet vertical dashed line). After that, the function slowly lowers the Ghigh value to
some equilibrium level Geq at which it again stays constant. In an ideal case, Geq is equal
to the Gnorm; however, this may be different depending on the specific case. This function
has similar properties to fracture healing vs. time after the fracture [31]. The healing
shows a nearly constant value several days after the fracture, then starts rising toward the
completely healed bone, and then again has a constant value. The final function Gl (t) used
for the simulations and for the fitting of the experimental data consists of all three of the
functions F1–F3. The formula for this final function for the simulation of BGL, obtained
after NA treatments is given in Appendix A, Equations (A14) and (A15).

3.3. Simulations and the Predictions of the Glucose Levels

The proposed model is used to simulate and predict the effects of acupuncture on BGL
normalization. The simulations of the BGL during acupuncture, obtained using the model
(Equation (A15) given in the Appendix A), and their main properties are shown in Figure 5.
The simulations are performed for different times between two acupuncture treatments
(acupuncture periods), assuming the same initial, high value of BGL Ghigh = 7.2 mmol/L.
Figure 4a shows the simulated glucose levels as a function of time for three separations
(periods) between the treatments, T1 = 7 days, T2 = 3 days and T3 = 1 day, and for one two-
period separation (T4a = 2 days, T4b = 5 days). The last case means that the acupuncture
was performed on the 2nd and 7th day each week.
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Figure 5. (a) Simulations of the glucose level vs. time for four different frequencies of the acupuncture
(T1 = 7days, T2 = 3 days, T3 = 1 day, T4 = 2 and 5 days, Cup = 3.3, Cdown = 0.7, Cslow = 14.0,
tdelay = 3 days, iD = 8, a1 = a2 = 0, a3 = 1). Green and red arrows demonstrate the lowering and rising
effects, while the violet dashed arrows show the overall lowering effect. (b) Maximal, average and
minimal values of the BGL simulations shown in (a) as function of the days of the acupuncture
treatment. The determination of the maximal and minimal glucose levels is performed over two
acupuncture treatments (14 days for T1, 6 days for T2, 2 days for T3 and 7 days for T4). The horizontal
dashed lines show the boundaries between normal, prediabetes and diabetes BGL values.

The first period (T1) is longer than the time needed for the glucose level to rise back
to the initial Ghigh value, while the other two periods (T2 and T3) are shorter than that
time. Therefore, the glucose level rises back to the initial value between two acupuncture
treatments for the T1, while it stays lower for the T2 and T3. The fourth simulation in
Figure 5a is calculated for two different separations between the treatments, as was the case
in the experiment (shown in Figure 1), so it shows mixed behavior as will be explained.

All simulations show regular oscillatory behavior with periodic lowering and rising
effects. However, the shape of the simulated curves depends strongly on the time between
the two treatments. The simulation with a long time between the two treatments (T1)
shows deep oscillations because the BGL rises back to the initial high value between the
two treatments, which is not the case for the shorter period (T2 and T3). The unequally
spaced treatments (T4) show the characteristically deep double-minima that occurs after
the two closer treatments (separated by 2 days), followed by a rising of the BGL back to the
initial high value after the longer acupuncture-free period (separated by 5 days), as was
observed in the experiment shown in Figure 1.

All simulations assume a delay in the body’s response tdelay = 3 days. The other
parameters describing body response (Cdown = 0.7, Cslow = 14.0), and their dependence
on the number of already applied treatments (a1 = a2 = 0), and strength of the lowering
effect (a3 = 1) are taken to be the same for all four simulations. The function F3 is assumed
to lower Ghigh after the eighth (iD = 8) acupuncture treatment for all cases. This is clearly
visible in the simulations from Figure 5a. The glucose level rises completely to its initial
Ghigh value for the period T1. For the other two cases the next acupuncture occurs before
the glucose levels raise back to the initial value, so the maximal glucose levels are smaller
than the initial Ghigh value. The function F3 lowers their values as well after the eighth
treatment, but its effect is not so obvious as for the T1.
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The main properties of the different periods are more visible in Figure 5b, where the
maximal, average and minimal values of the simulated glucose levels are shown. The
simulated values are shown by the light blue line. The averaging and the determination of
the maxima and minima are performed over the time of two acupuncture periods (14 days
for T1, 6 days for T2, 2 days for T3 and 7 days for T4).

For the largest separation between the acupuncture (T1), the maximal value is constant
and equal to Ghigh before the characteristic 8th treatment (indicated by the vertical black
dashed line in Figure 5b), and lowers after it. Minimal and average values lower slowly
before the 8th treatment and more rapidly after it, due to the effect of F3. For the other two
equal periods (T2 and T1) the lowering effect is visible from the beginning of the treatment
and increases with the decrease of the period between the treatments. This is expected
because the time between the treatments is shorter than the time needed for the glucose
level to rise to the Ghigh value, so each new treatment starts lowering from the smaller BGL
maximal value. Therefore, the average value of the BGL is smaller for the shorter periods.
The effect of F3 is not so obvious as for the case of T1, but the function F3 is still needed to
fully describe the BGL normalization.

From this consideration it seems that the most efficient period of acupuncture treat-
ments is the one that is shorter than the time in which the BGL raises back to the initial high
value. That time is characteristic of the body’s response, and it differs for different people.
Of course, each person reacts differently, so the real numbers of parameters used for the
simulation should be introduced to the model to obtain a simulation for each particular
case. These numbers of parameters can be estimated after several acupuncture treatments.

At the end we conclude that the simulations clearly describe all of the main experimen-
tally observed features of the BGL during the multiple acupuncture treatments. First, the
lowering and rising effects are clearly visible and their values depend on the time between
the two treatments. If that time is short (such as a 2 day separation in the experiment) the
glucose level stays low, while it raises back to the high value during the longer (5 day)
acupuncture-free time. The delay in the response of the body is included in the model as
was observed experimentally. Finally, the overall lowering effect which lowers the maximal
values of the blood sugar towards the normal value is taken into account.

3.4. Analysis of the Measured Glucose Using the Proposed Model

In this section we apply the above given model to the analysis of the measured BGL
shown in Figure 1 (Patient 1), and to those measured under similar conditions for Patient 2.
The experimentally measured data are fitted to the model and the best-fit parameters
are determined. The experimental data and the best-fit simulated BGL curves for both
patients are shown in Figure 6. The parameters of the model are determined to best fit
the experimental data, using the function Gl (t), given in Appendix A, Equation (A15).
The results of the fitting for Patient 1 and Patient 2 are shown in Figure 6a and Figure 6b,
respectively. The experimental data are shown by the green line and symbols while the
fit is shown by the light-blue full line. First, we note that the acupuncture periods (the
time between the treatments) for Patients 1 and 2 are slightly different for the first several
treatments. Patient 1 has two close treatments (2 day separation) followed by a 5 day
acupuncture-free period. The separations for Patient 2 are longer (6 and 8 days). This
strongly affects the shape of the BGL curves, as well as the fitted curves. In the first case
the curve shows deep double-peaks (similar to the simulation for T4 in Figure 4), while the
oscillations for Patient 2 are more regular due to the similar and longer times between the
treatments (similar to T1 in Figure 5).
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From the comparison of the experimental and model curves, we can see that the 
model curve well describes the experimental data. All of the main features (BGL lowering, 
rising and overall lowering) are visible in the fitted curves. They also well follow the shape 
of the oscillations caused by different times between the treatments. Patient 1 was very 
disciplined in the application of diet and exercise proposed for diabetics, so the measured 
BGL level is practically noise-free, especially before the break. Therefore, the experimental 
and the modelled curves are very similar. So, the BGL is mainly affected by the acupunc-
ture, and not by improper eating or body activity. However, the measurements of Patient 

Figure 6. (a,b) Measured and simulated BGL for Patient 1 and Patient 2, respectively. Experimental
data (green line with symbol) and simulations obtained using the best-fit parameters (full light blue
line). Pink numbers and vertical dashed lines indicate the order number of the applied treatment,
while the blue numbers and arrows indicate the corresponding number of the BGL minima. Different
times between the two treatments are applied for Patient 1 and Patient 2 (indicated for the first
three treatments), resulting in different shapes of the BGL curves. The lowering, rising and overall
lowering effects (indicated by green, red and violet arrows respectively) are clearly visible in both the
experimental and modelled curves.

From the comparison of the experimental and model curves, we can see that the model
curve well describes the experimental data. All of the main features (BGL lowering, rising
and overall lowering) are visible in the fitted curves. They also well follow the shape of the
oscillations caused by different times between the treatments. Patient 1 was very disciplined
in the application of diet and exercise proposed for diabetics, so the measured BGL level
is practically noise-free, especially before the break. Therefore, the experimental and the
modelled curves are very similar. So, the BGL is mainly affected by the acupuncture, and
not by improper eating or body activity. However, the measurements of Patient 2, and the
measurements of Patient 1 after the break caused by COVID-19 contains additional ‘noise’
that originates from the non-ideal diet and exercise application, and from the recovery of
the illness in the case of Patient 1. Of course, even in ideal conditions, the BGL oscillates
slightly due to the normal body functions. Therefore, the data for Patient 2 are much noisier,
causing larger differences between the experimental and the modelled curves. However,
all of the main effects mentioned above are clearly visible for both patients.

The main properties (maxima, average, minima) of the experimental and simulated
BGL curves for Patients 1 and 2, as well as the parameters obtained by the fits are given in
Figure 7. The maximal, minimal and average values for Patients 1 and 2 are compared in
Figure 7a and b, respectively. It follows that the main properties of the simulated curves
are very similar to the experimental curves, especially the maximal and average values, for
both patients. The minima of the simulated curves are slightly higher than the experimental,
probably due to the limitations of the functions used for the description. We intentionally
use simple functions that can be easily used by non-experts. In addition, it is important to
note that the maximal and minimal values are strongly affected by the random fluctuations
of the experimentally measured BGL, while they are not included in the model. Therefore,
for example, the last maximal value of the experimental curve deviates from the modelled
one in Figure 7b. Interestingly, for both patients the overall lowering effects starts after the
10th treatment, and becomes obvious after the 14th treatment what will be discussed later
in the text.
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Figure 7. (a,b) Maximal, minimal and average (main) values of the experimental BGL values and
their simulations for Patient 1 and Patient 2. The values are determined for the time period of
2 acupuncture treatments. (c,d) The parameters obtained by fitting of the BGL curves of Patient 1
and Patient 2 to the model. (e) Body response to single acupuncture treatment calculated using the
fitting parameters for Patient 1 and Patient 2. The initial values (i = 0) for the values of Cup and Cdown

are taken for the simulation.

The parameters of the fits that describe the simulations, and their dependencies on
the number of treatments are shown in Figure 7c,d for Patients 1 and 2 respectively. Four
parameters are fitted: Ghigh, Cup, Cdown and tdelay. The value of the Ghigh (shown by the
blue line and symbols) is constant until the 10th and 14th treatments in the first and second
sets of the measurements, respectively, as was experimentally observed for both patients.
It then lowers toward the normal BGL. The constant Cdown (black line and symbols) has
smaller values than the Cup (red line and symbols), also for both patients, showing that
the glucose level drops faster towards the normal level after each single treatment than
it rises back to the high value. Another important feature of these two constants is that
Cdown increases with the number of treatments, while Cup decreases, also for both patients.
This shows that the glucose level lowering effect becomes faster with each new treatment,
while its rising back to the high value becomes slower. Finally, we have determined that
the time of the body response to the acupuncture is between 2 and 3 days for the first set of
the acupuncture treatments. This shows similar values at the beginning of the second set of
treatments, but drops toward a value of 1 after 8th treatment of the second set.

The main difference between the response of the two patients is the value of the
constant Cup. However, this constant shows the same type of behavior as just described,
with Patient 1 having significantly lower values (about two-times lower). Its influence on
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the BGL lowering and rising is shown in Figure 7e, where the effects of a single treatment of
acupuncture on BGL are compared for Patients 1 and 2. Patient 1 shows significantly faster
rising of the BGL after the acupuncture before and after the break, (i.e., the smaller values
of the constants) than Patient 2. This effect may be attributed to the metformin, which is
taken only by Patient 2, as will be discussed later.

In summary, the results of the BGL modelling show that both patients have very
similar types of reaction to acupuncture. They both show similar effects of BGL lowering
and rising, similar response time to acupuncture, and practically the same overall lowering
of BGL after the 10th and 14th treatments. The main difference is the level of the body’s
response which is slightly stronger for Patient 2, and the time of the BGL rising to the
elevated (high) value, which is also longer for Patient 2.

4. Discussion

In this study we have compared and analyzed the time-dependence of morning BGL,
measured after an overnight fasting, during multiple acupuncture treatments in type 2
diabetes mellitus in two diabetic patients and constructed a mathematical model to describe
them. The BGL morning level during the three-month long treatment was analyzed, and it
is shown that the BGL is highly affected by each single acupuncture treatment, and by the
number of already applied treatments. It shows oscillatory-like behavior. The same effects
of BGL dependence on single and multiple treatments were observed in both patients.

Thus, each single treatment lowers the BGL; however, the BGL rises back to the
initial high value, making oscillations in the BGL dynamic curve. This happens until the
approximately 10th treatment, after which an overall BGL lowering effect starts. Thus,
the BGL is significantly reduced by repeated acupuncture, with no rises back to the high
values, even without any additional medication. This BGL reduction was retained in the
check performed a year after the acupuncture treatments. All of the parameters depend on
the number of already applied acupuncture treatments.

Patient 1 and Patient 2 both achieved their glycemic target (average of 5.8 mmol/L
and 5.9 mmol/L respectively) which is well below the proposed cut-off value of 7 mmol/L
for fasting glucose level, representing the separation between the diagnosis prediabetes
and diabetes [30].

The same effects of BGL dependence on single and multiple treatments were observed
in both patients. The numeric values of the achieved glucose concentrations at the end of
the study are very similar for both patients, despite their differences concerning the time
and circumstances of the diagnosis, comorbidities, lifestyle and family history. What does
differ is the prolonged time dependence in which the BGL lowers in relation to single and
multiple acupuncture treatments in Patient 2. We believe that this time shift can be readily
explained by the fact that Patient 2 is receiving pharmacological therapy with metformin in
addition to acupuncture. Because obesity is one of the risk factors for T2DM, we believe that
the fact that Patient 2 is overweight also changes the BGL dynamics. A further contributory
factor might be that he is still recovering from the cholecystectomy he had two months prior
to our study, which in itself represents a higher risk for metabolic syndrome and altered
glucose homeostasis [32]. All three factors together are responsible for the somewhat more
erratic appearance of the glucose lowering curve in Patient 2, however the overall effect of
treatment in both patients is similar and comparable.

Since obesity posed an issue in our patients, special attention was paid to the weight
progression in all participants. The BMI of all tested persons (Patient 1, 2 and Control 1, 2)
did not change significantly during the acupuncture, and stayed at the same value during
the next 12 months when the control BGL measurement is performed. We believe that this
is because all of the major effects of the acupuncture are the same for both treated patients,
although their lifestyle and diabetes drug intake differ. This increases the likelihood that
the acupuncture is indeed the cause of BGL normalization.

The possible significance of this study is emphasized as it seems the impact of diabetes
in global public healthcare is increasing from year to year. The increase in numbers of
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patients is largely due to the transgenerational global obesity pandemic [33], and the
aging of the global population, which both increase the risk for T2DM. It is also known
that T2DM plays a large role in increasing the risk for dementia and Alzheimer’s disease
(AD) [34,35]. T2DM is strongly associated with AD, including at the genetic level [36], to
the extent that some authors have begun to classify it as type 3 diabetes (T3DM) [35]. In
AD, impaired insulin signaling [37], insulin resistance and disturbed intracellular glucose
metabolism [38,39] have been detected in parts of the brain associated with cognition,
resulting in defective intraneuronal glucose transport and thus strongly affecting brain
metabolism and performances [40–45].

Diabetes is relevant in the light of the recent and ongoing SARS-CoV-2 pandemic,
as it has been described among post COVID-19 sequelae, both in adult and pediatric
population [46–48]. Patients with diabetes have an increased risk of developing severe
COVID-19 and thus a higher possibility of complications and higher mortality, but it has
further been demonstrated that SARS-CoV-2 can induce the onset of diabetes in previously
healthy patients. How the pandemic will influence the prevalence of diabetic patients
remains to be seen. The extent of the problem of global prevalence is growing when
regarding the steady increase from an estimated 537 million adults (20–79 years) affected
patients worldwide in year 2021, to a predicted 643 million by 2030 and 784 million by 2045,
respectively, if no adequate intervention in prevention is undertaken [3].

Because acupuncture does not interfere with any other aspect of the treatment of
diabetic patients, it generally has no irreversible contraindications and is safe, low-cost
and can be targeted with relative temporal precision; thus, it holds the promise of provid-
ing a more powerful and selective way to influence glucose control than a conventional
pharmacologic approach alone. We believe further research is needed in the establishment
and evaluation of acupuncture’s role in the treatment of not only diabetes, but also other
metabolic disorders, including Alzheimer’s disease and post COVID-19 complications in
the adult and pediatric populations.

The presented results are important for a better understanding of acupuncture ap-
plication in prediabetes and diabetes. The parameters obtained by modelling can be
used for estimation of the efficiency of pharmacologic therapy and also of the reaction to
acupuncture. Further analysis should be applied for investigation of overall BGL lowering
effects and its dependence on other factors. The model can be applied generally to make
predictions regarding the treatment of prediabetes and diabetes, for planning and opti-
mizing the intervention in normalization of BGL by acupuncture and optimization of the
acupuncture frequencies.

5. Conclusions

In summary, the dynamics of morning glucose level during the acupuncture treatment
are presented and described by a predictive model. It is shown that the blood glucose
level changes strongly due to acupuncture and that this depends on the number of the
already performed acupuncture treatments. The glucose level lowers significantly with
each acupuncture treatment; however, it raises back to the initial high value in the absence
of the acupuncture for the first 10 treatments. After that critical treatment, the maximal
(high) blood glucose level lowers, so the overall lowering effect is observed. Finally, this
leads to the normalization of the body’s glucose level. A time delay of the body’s response
to the acupuncture of 2–3 days is observed.

A mathematical model is provided to describe the observed dynamics of the blood
glucose level during the acupuncture. The model is relatively simple, consisting of a
function which is defined by five parameters. These parameters describe the properties of
the glucose lowering and rising, the time of the body’s response to the acupuncture and
the critical number of treatments needed to achieve the healing.

The measured blood glucose level is analyzed and modelled by this function. The
model describes well all key features of the measured glucose level dynamics. It provides
personal parameters that describe the blood glucose level regulation by acupuncture.
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In addition, the model is used to simulate the glucose level regulation by acupuncture
performed with different frequencies.

The presented results are important for a better understanding of the effects of
acupuncture on diabetes treatment and for the prediction of blood glucose levels dur-
ing the acupuncture treatment. More generally, the results are important for diabetes
treatment with minimal or no drugs and for its prevention. Although the results obtained
are very promising for the treatment of T2DM in general, bigger studies are generally
needed before making some general conclusions. Future research should also be focused
on the underlying mechanism of the treatment of diabetes with acupuncture, including
changes in the functionality of individual organs that are important for the regulation of
blood glucose level.
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Appendix A. Functions for Description of BGL Time Evolution during the Multiple
Acupuncture Treatment

The time evolution of BGL is described by three main functions, F1–F3. The first two
(F1, F2) describe the effect of a single acupuncture treatment on BGL (short-time effect),
while F3 describes the time evolution of overall (initially elevated) glucose level (long-
time effect). All functions are chosen to have simple formulas that can be easily used by
non-experts.

The function that describes the BGL time (t) evolution is denoted by Gl (t). The total
number of applied acupuncture treatments is denoted by NA. Gl has a constant value equal
to the elevated BGL named Ghigh, before the first treatment (i = 0), where i is the number of
the acupuncture treatment, as given in Equation (A1).

Gl(t = 0) = Ghigh (A1)

The time (ta
(i)) when the ith acupuncture treatment starts to produce an effect on Gl (t)

is given by:
t(i)a = t(i)AP + t(i)delay (A2)

where tAP
(i) is the day of the ith treatment, and tdelay

(i) is the time of the effect of the ith
treatment delay.

1. BGL lowering effect:

https://doi.org/10.17632/g7r7jrrdfs.1
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BGL lowering effect in time is described by the follows:

G1p = erf
(

t− t(i)a

)
/C(i)

down (A3)

G1 = (G1p + |G1p|)/2 (A4)

F1(t) = −G1× (Gl(t = ta)− Gnorm) (A5)

C(i)
down = Cdown + a1 × i (A6)

where t denotes the time (in days), Cdown
(i) is the parameter that describes the function

drop for the ith acupuncture treatment. This linearly depends on the number of the
already applied treatments as given by Equation (A6), where a1 is the parameter describing
its dependence on the number of the applied treatments. The parameter defining the
normal BGL is named Gnorm. The multiplication is indicated by × sign to avoid confusion
with functions.

2. BGL rising effect:

BGL rising effect is described by a very similar function as its lowering, but with
different signs and constants.

G2p = erf
(

t− t(i)a

)
/C(i)

up (A7)

G2 = G2p + |G2p|)/2 (A8)

F2(t) = G2× (Gl(t = ta)− Gnorm) (A9)

C(i)
up = Cup + a2 × i (A10)

where C(i)
up is the parameter that describes the function rise for the ith acupuncture treat-

ment. This depends on the number of the already applied treatments (i) as given by
Equation (A10), with the constant a2.

3. Overall BGL lowering effect:

The overall lowering of BGL by multiple acupuncture treatment (F3) is described by
the following equations:

G3p = erf
(

t− tD
)

/Cslow (A11)

G3 = (G3p + |G3p|)/2 (A12)

F3(t) = Ghigh − G3× a3 (A13)

where tD is the day of the acupuncture treatment (iDth) after which the overall BGL starts
to reduce (iD ≤ NA), and Cslow defines the slope of the overall BGL drop (slower or faster
drop), and a3 is the constant that describes the value of the final BGL decrease towards a
normal BGL.

To obtain the BGL time evolution for NA acupuncture treatments we apply the follow-
ing procedure for each acupuncture treatment (i = 1 . . . NA):

G(i=0)
l (t) = F3 (A14)
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Gl(t) = G(i−1)
l + F1(i) + F2(i) (A15)
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