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Aims: Nocturnal asymptomatic hypoglycemia (NAH) is a serious complication of diabetes,
but it is difficult to be detected clinically. This study was conducted to determine the
largest amplitude of glycemic excursion (LAGE) to predict the episodes of NAH in
outpatients with type 2 diabetes.

Methods: Data were obtained from 313 outpatients with type 2 diabetes. All subjects
received continuous glucose monitoring (CGM) for consecutive 72 hours. The episodes of
NAH and glycemic variability indices (glucose standard deviation [SD], mean amplitude of
plasma glucose excursion [MAGE], mean blood glucose [MBG]) were accessed via CGM.
LAGE was calculated from self-monitoring blood glucose (SMBG).

Results: A total of 76 people (24.3%) had NAH. Compared to patients without NAH,
patients with NAH showed higher levels of glucose SD (2.4 + 0.9 mmol/L vs 1.7 + 0.9
mmol/L, p <0.001), MAGE (5.2 + 2.1 mmol/L vs 3.7 + 2.0, p<0.001) and LAGE (4.6 + 2.3
mmol/L vs 3.8 + 1.9 mmol/L, p=0.007), and lower level of MBG (7.5 £ 1.5 mmol/L vs 8.4 +
2.2 mmol/L, p=0.002). LAGE was significantly associated with the incidence of NAH and
time below rang (TBR) in model 1 [NAH: 1.189 (1.027-1.378), p=0.021; TBR: 0.008
(0.002-0.014), p=0.013] with adjustment for age, BMI, sex, work, hyperlipidemia,
complication and medication, and in model 2 [NAH: 1.177 (1.013-1.367), p=0.033;
TBR: 0.008 (0.002-0.014), p=0.012] after adjusting for diabetes duration based on
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model 1, as well as in model 3 [NAH: 1.244 (1.057-1.464), p=0.009; TBR: 0.009 (0.002-
0.016), p=0.007] with further adjustment for HbA1c based on model 2. In addition, no
significant interactions were found between LAGE and sex, age, HbA1c, duration of
diabetes, BMI and insulin therapy on the risk of NAH. The receiver operator characteristic
(ROC) curve shows the ideal cutoff value of LAGE for the prediction of NAH was 3.48
mmol/L with 66.7% sensitivity, 50% specificity and 0.587 (95% CI: 0.509-0.665) of area
under the ROC curve.

Conclusions: High glycemic variability is strongly associated with the risk of NAH. The
LAGE based on SMBG could be an independent predictor of NAH for outpatients with
type 2 diabetes, and LAGE greater than 3.48 mmol/L could act as a warning alarm for high
risk of NAH in daily life.

Keywords: nocturnal asymptomatic hypoglycemia, largest amplitude of glycemic excursion, self-monitoring blood
glucose, continuous glucose monitoring, outpatients with type 2 diabetes

INTRODUCTION

Hypoglycemia is a serious complication of diabetes mellitus, which
could contribute to “dead in bed” syndrome, neurological damage
(poorer cognitive function, spatial memory dysfunction, neuron
damage, and epilepsy), and psychological impact (negative
psychosocial consequences, undesirable compensatory behaviors,
unforeseen anxiety, and poor sleep) (1). With the implementation
of intensive glucose control over the years, the morbidity of
hypoglycemia is relatively higher (2, 3). Accordingly, high rates
of different degrees of hypoglycemia episodes, namely severe
events [1.0~16.9% (4-8)], moderate severity events [17~46% (4-
7)] and mild events [46~58% (5-7)] have been reported.
Simultaneously, hypoglycemia was assigned as the cause of
death in 4% (9), 7% (10), and 10% (11) in population-based
registers. As almost 50% of all severe hypoglycemia episodes occur
at nighttime during sleep with unawareness, nocturnal
asymptomatic hypoglycemia (NAH) has been especially
emphasized (12). Recurrent episodes of asymptomatic
hypoglycemia can increase the risk of severe hypoglycemic
episodes (13), contributing to life-threatening events, such as
major macrovascular events, major microvascular events, death
from cardiovascular disease, and death from any cause (14).
Actually, the incidence of NAH is far more than these due to
recall bias, missing detection, and underreporting. Especially for
outpatients who manage blood glucose with the target of normal
glycemic level, the risk of hypoglycemia will inevitably increase,
which is less likely to be recognized and concerned without timely
medical guidance. Hence, in view of its universality and
perniciousness, predicting the episodes of NAH to minimize
hypoglycemic events is significantly meaningful for better
diabetes management.

Continuous glucose monitoring (CGM), which provides
maximal information about glucose fluctuation levels
throughout the day (15), provides an improved opportunity to
capture NAH events. CMG has been proved to be superior to
daily self-monitoring blood glucose (SMBG) in the detection of
hypoglycemia. In hospitalized patients with type 2 diabetes, the

detection rates of hypoglycemia by CMG ranges from 1.6-fold
(16), 2.5-fold (17), 4-fold (18) than those by point-of-care
capillary glucose testing (POC). Additionally, compared with
SMBG, significantly higher percentages of hypoglycemic
episodes [(3.8% vs 1.7%) (19); (4.35% vs 1.5%) (20); (90.4% vs
38.5%) (21); (52 vs. 3 events/patient-year) (22)] were detected by
CGM, particularly in terms of asymptomatic and nocturnal
hypoglycemia (19, 21, 22). Nonetheless, probably due to high
cost and technical complexity (23), CGM is still underutilized in
the real world. SMBG, on the other hand, remains the basic
approach for glycemic management in daily life, which is widely
used because of its familiarity, convenience and relatively low
cost for long-term daily diabetes management (23). We propose
that by combining the advantages of CGM and SMBG, that is,
based on precisely capturing hypoglycemia by CGM, predicting
the episodes of hypoglycemia through glycemic indicators
monitored by SMBG may be possible to prevent hypoglycemia
with accuracy and convenience.

Glycemic variability, characterized by extreme glucose
excursions, is associated with the risk of overall symptomatic,
nocturnal symptomatic and severe hypoglycemia in patients with
diabetes (24), and different indices of glycemic fluctuations have
been used to predict hypoglycemia (25-27). However, most of
these predictors are obtained by CGM data, and the majority of
subjects are hospitalized patients. Relatively few studies focus on
outpatients, and efforts are needed to provide easily acquired
indictors for outpatients to warn and prevent NAH. In this study,
we used CGM device to continuously monitor blood glucose in
outpatients with type 2 diabetes to access the episodes of NAH
and glycemic variability indices, including glucose standard
deviation (SD), mean amplitude of plasma glucose excursions
(MAGE) and mean blood glucose (MBG). Simultaneously, the
largest amplitude of glycemic excursion (LAGE) was acquired by
SMBG without changing patients’ lifestyle and medications. We
aimed to clarify the associations of glucose fluctuations and NAH
of outpatients with type 2 diabetes, and to explore whether LAGE
could independently predict the episodes of NAH, providing a
relatively convenient warning index for daily NAH prevention.
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METHODS

Participants

In this study, 313 out-patients with type 2 diabetes who were
admitted to the First Affiliated Hospital of Xiamen University
from January 2018 to June 2021 were included. All participants
wore CGM device at the outpatient clinic, during which
medication use was not affected. Pregnant and perioperative
patients were excluded. Body mass index (BMI) was calculated as
the weight in kilograms divided by the square of height in meters.
HbAlc and C-peptide were detected by the Laboratory
Department of the First Affiliated Hospital of Xiamen
University. This study was approved by the ethics committees
of the First Affiliated Hospital of Xiamen University. Written
informed consent was obtained from all subjects.

Continuous Glucose Monitoring

A iPro"""2 CGM system (Medtronic, Minimed, Inc. Northridge,
CA), which is extensively used in detecting low glucose levels
with validated reproducibility and reliability (28), was used in
this study to monitor glucose fluctuations. After wearing the
CGM device, participants returned home and resumed normal
activities for consecutive 72 hours. NAH was defined as
hypoglycemia (<3.9mmol/L) occurring between 0 am and 6
am. We obtained glycemic variability indices from CGM,
including glucose SD, MAGE, MBG, time in range (TIR; 3.9-
10.0 mmol/L), time below range (TBR; <3.9 mmol/L).

Self-Monitoring Blood Glucose

The OneTouch UltraVue® (Johnson and Johnson K.K., Tokyo,
Japan) device and ACCU-CHEK Performa (Roche, Switzerland)
glucometer were used for SMBG. Each subject used the same
glucometer during the 72-h study period. Participants were
guided to conduct blood glucose self-monitoring four times daily
- prior to meals and bedtime. The maximum range of daily blood
glucose fluctuation was obtained by subtracting the minimum from
the maximum value, and then the daily maximum ranges of the 72
hours were equilibrated to obtain the LAGE value.

Statistical Analyses

Data were expressed as mean + standard deviation (SD) for
normally distributed variables, median (25th percentile, 75th
percentile) for non-normally distributed variables, and
percentages for categorical variables. The significance of
differences between the two groups was assessed using t test or
Kruskal-Wallis test for quantitative data, and Chi-square test for
categorical data. The associations between LAGE and the
incidence of NAH and TBR were analyzed by a logistic
regression model and a linear regression model, respectively.
The interaction of LAGE and potential risk factors of NAH was
performed by logistic regression analysis as well. We run receiver
operating characteristic (ROC) curve analysis to demonstrate the
sensitivity, specificity and optimal cut-off value of LAGE for
predicting NAH. The predictive validity was quantified as areas
under the ROC curve. A P<0.05 was considered to be statistically
significant. All statistical analyses were conducted with SAS
version 9.3.

RESULTS

Clinical Characteristics and Blood Glucose
Monitoring Results

Table 1 shows the characteristics of total 313 outpatients with
type 2 diabetes, including 76 patients with NAH and 237 patients
without. There were no significant differences in age, duration of
diabetes, BMI, HbAlc, concentration of C-peptide, and drug
uses (metformin, dipeptidyl peptidase-4 inhibitor, alpha-
glucosidase inhibitors, thiazolidinedione, glucagon-like peptide-
1 receptor agonists, sulfonylurea, sodium-glucose cotransporter
2 inhibitors, long-acting insulin, premixed insulin, short-acting
insulin) between the two groups. Further, we found that diabetic
comorbidities (hypertension, hyperlipidemia, fatty liver, cardio-
cerebral vascular disease) and diabetic complications (diabetic
retinopathy, diabetic peripheral neuropathy, diabetic peripheral
vascular disease, diabetic nephropathy, diabetic foot) were not
statistically different. The glycemic variability indices, including
glucose SD (2.4 £ 0.9 mmol/L vs 1.7 = 0.9 mmol/L, p<0.001),
MAGE (5.2 + 2.1 mmol/L vs 3.7 + 2.0 mmol/L, p <0.001) and
LAGE (4.6 £ 2.3 mmol/L vs 3.8 £ 1.9 mmol/L, p=0.007), were
higher in patients with NAH than those in patients without,
while MBG (7.5 + 1.5 mmol/L vs 8.4 + 2.2 mmol/L, p=0.002) was
lower. TIR [0.8 (0.7,0.9) vs 0.9 (0.7,1.0)] did not differ statistically
in subjects with or without NAH.

Association Between LAGE and the
Incidence of NAH and TBR

In Table 2, the associations of LAGE with the incidence of NAH
and TBR were elucidated by a logistic regression model and a linear
regression analysis, respectively. TBR is a key metric for evaluating
the degree and severity of hypoglycemia (29), which is more
relevant for capturing hypoglycemic events and quantifying their
magnitude and duration (30). In model 1 with adjustment for age,
BMI, sex, work, hyperlipidemia, complication and medication,
LAGE was significantly associated with the increased risk of
NAH, with the incidence of NAH [1.189 (1.027-1.378), p=0.021]
and TBR [0.008 (0.002-0.014), p=0.013]. In model 2 after adjusting
for diabetes duration based on model 1, the same significant result
was seen, with the incidence of NAH [1.177 (1.013-1.367), p=0.033]
and TBR [0.008 (0.002-0.014), p=0.012]. In model 3 with further
adjustment for HbAlc based on model 2, the incidence of NAH
increased 1.244-fold (95% CI: 1.057-1.464, p=0.009) and TBR
increased 0.009 (95% CI: 0.002-0.016, p=0.007) for 1 mmol/L
increase of LAGE.

Association Between LAGE and Potential
Risk Factors on the Risk of NAH

In order to further determine whether LAGE was
independently correlated with NAH, the logistic regression
model was further performed according to potential risk
factors. Table 3 shows that no significant interactions were
found between LAGE and sex (p for interaction= 0.732), age (p
for interaction= 0.187), HbAlc (p for interaction= 0.877),
duration of diabetes (p for interaction= 0.734), BMI (p for
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TABLE 1 | Clinical characteristics and blood glucose monitoring results.

Without NAH With NAH P value
(n =237) (n =76)

Age (years) 55.4 + 141 517+ 155 0.058
Duration of diabetes (years) 6.0 (2.0,11.0) 5.0 (3.0,13.0) 0.445
BMI (kg/m?) 23.2 + 3.1 226 +3.2 0217
HbA1c (%) 70+15 70+15 0.933
C-peptide (ng/mL) 1.5(0.9,2.3 0.9 (0.3,1.9) 5.691
Medication (%)
Metformin 64 (28.2) 21 (29.2) 0.873
DPP-4i 34 (15) 11 (15.3) 0.951
-Gl 46 (20.3) 11 (15.3) 0.348
TZD 5(2.2) 3(4.2) 0.368
GLP-1RA 4(1.8 1(1.4) 0.830
SU 49 (21.6) 18 (25) 0.545
SGLT-2i 8 (3.5 2(2.8) 0.759
Long-acting insulin 50 (22.0) 15 (20.8) 0.831
Premixed insulin 27 (11.9) 6 (8.9 0.401
Short-acting insulin 38 (16.7) 11 (15.9) 0.770
Comorbidity (%)
Hypertension 28 (12.9) 9(12.5) 0.970
Hyperlipidemia 35 (15.4) 12 (16.7) 0.800
Fatty liver 11(4.9 5(6.9) 0.491
CCVD 19 (8.4) 79.7) 0.723
Complication (%)
DR 31 (13.7) 13 (18.1) 0.359
DPN 31 (13.7) 9(12.5) 0.802
DPVD 10 (4.4) 4 (18.1) 0.687
DN 11 4.9 4 (5.6) 0.810
DF 2(0.9) 0(0) 0.424
CGM data
SD (mmol/L) 1.7+09 24£09 <0.001
MBG (mmol/L) 84+22 75+15 0.002
MAGE (mmol/L) 3.7+20 52+21 <0.001
TIR (%) 90 (70,100) 80 (70,90) 9.895
SMBG data
LAGE (mmol/L) 38+ 1.9 46+23 0.007

NAH, nocturnal asymptomatic hypoglycemia; BMI, body mass index; HbA1c, glycated hemoglobin; DPP-4i, dipeptidyl peptidase-4 inhibitors; o-Gl, alpha-glucosidase inhibitors; TZD,
thiazolidinedione; GLP-1RA, glucagon-like peptide-1 receptor agonists; SU, sulfonylurea; SGLT-2i, sodium-glucose cotransporter 2 inhibitors; CCVD, cardio-cerebral vascular disease;
DR, diabetic retinopathy; DPN, diabetic peripheral neuropathy; DPVD, diabetic peripheral vascular disease; DN, diabetic nephropathy; DF, diabetic foot; CGM, continuous glucose
monitoring; SD, glucose standard deviation; MBG, mean blood glucose; MAGE, mean amplitude of plasma glucose excursion; TIR, time in range (3.9-10.0 mmol/L); SMBG, self-

monitoring blood glucose; LAGE, largest amplitude of glycemic excursion. P < 0.05 was considered significant.

TABLE 2 | Associations between LAGE and the incidence of NAH and TBR.

The incidence of nocturnal asymptomatic hypoglycemia TBR
OR (95% ClI) P value Estimatep (95% CI) P value
Model 1 1.189 (1.027-1.378) 0.021 0.008 (0.002-0.014) 0.013
Model 2 1.177 (1.013-1.367) 0.033 0.008 (0.002-0.014) 0.012
Model 3 1.244 (1.057-1.464) 0.009 0.009 (0.002-0.016) 0.007

TBR, time below range (<3.9 mmol/L); Cl, confidence interval. P < 0.05 was considered significant. Model 1 was adjusted for age, BMI, sex, work, hyperlipidemia, complication and
medication. Model 2 was further adjusted for diabetes duration based on model 1. Model 3 was further adjusted for HbA1c based on model 2.

interaction= 0.864) and insulin therapy (p for interaction=
0.474) on the risk of NAH.

ROC Curve of LAGE for the Prediction of NAH
The ideal cutoff value of LAGE for the prediction of NAH was
3.48 mmol/L with 66.7% sensitivity and 50% specificity. The area
under the ROC curve (AUC) was 0.587 (95%CI: 0.509-0.665).

DISCUSSION

In this study, we clarified that higher levels of glucose SD,
MAGE and LAGE and lower levels of MBG were strongly
associated with NAH in outpatients with type 2 diabetes, and
demonstrated that LAGE may be an independent predictor of
NAH, irrespective of HbAlc level and other potential
risk factors.
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TABLE 3 | Association between LAGE and potential risk factors on the risk of NAH.

With nocturnal asymptomatic hypoglycemia

Total OR (95% Cl) P value Interaction

Sex 0.732
Men 175 1.36 (1.04-1.77) 0.023

Women 138 1.19 (0.95-1.48) 0.130

Age(years) 0.187
<55 163 1.41 (1.09-1.82) 0.009

>55 150 1.13 (0.88-1.46) 0.357

HbA1c (%) 0.877
<7 217 1.35 (1.04-1.74) 0.025

>7 96 1.27 (0.99-1.62) 0.059

Duration of diabetes (years) 0.734
<5 164 1.20 (0.90-1.61) 0.218

>5 149 1.32 (1.06-1.64) 0.014

BMI (kg/m? 0.864
<24 216 1.09 (0.86-1.39) 0.471

>24 97 1.38 (1.04-1.83) 0.024

Insulin therapy

With 96 1.39 (1.07-1.81) 0.123 0.474
Without 217 1.13 (0.89-1.44) 0.313

It has been shown that frequent hypoglycemia often occurred
with a greater level of glucose fluctuations (31). In addition,
glycemic variability has been suggested to be a potential indicator
of diabetes complications (32) and severe hypoglycemia (25).
Through re-analyzing the Diabetes Control and Complications
Trial (DCCT) data, Kilpatrick et al. found that MBG and
glycemic variability each have an independent role in increased
risk of hypoglycemia in type 1 diabetes. The incidence of time to
first hypoglycemic event increased 1.05-fold for each 1 mmol/l
decrease in MBG and 1.07-fold for every 1 mmol/l increase in
glucose SD. After adjusting for HbAlc, a 1 mmol/l increase in SD
was associated with a 1.09-fold increased risk of a first event (26).
Saisho et al. reported that glucose SD and other glycemic
variability indices were more strongly correlated with
hypoglycemia compared with MBG, and the combination of
MBG and glucose SD was useful for predicting hypoglycemia in
diabetes patients (33). Service et al. suggested that a high MAGE
was a vital characteristic of glucose instability, which was more
accurate than other indexes of glycemic fluctuation (34). Another
study of 5-day consecutive CGM showed that hypoglycemic
patients had lower MBG and higher glucose SD compared to
non-hypoglycemic patients, with no statistical difference of
HbAlc (35), which is consistent with our research. In this
study, patients with NAH manifested as higher levels of SD,
MAGE and LAGE and lower level of MBG. After adjusting for
possible interference factors, there were still significant
associations of LAGE with NAH and TBR. Moreover, no
significant interactions were observed between LAGE and
potential risk factors, indicating that LAGE could be an
independent predictor of NAH in patients with type 2
diabetes. According to the CGM data conducted by Zhou el al.
in Shanghai, China, MAGE <3.9 mmol/L and SD <1.4 mmol/L
were recommended as the normal reference ranges for glycemic
variability in Chinese adults (36), and LAGE <5.7mmol/L was
recommended in normal glucose tolerance people (37). To the

best of our knowledge, the value of LAGE in determining the risk
of NAH has not been reported. Here, we showed that LAGE
greater than 3.48 mmol/L could act as a warning alarm for high
risk of NAH in outpatients with type 2 diabetes.

Although the diabetes management has focused on HbAlc, as
anindex reflecting recent average blood glucose levels, HbA1lc could
not accurately portray the frequency of hypoglycemia and glucose
fluctuations (35). HbAlc was reported to minimally contributes to
hypoglycemia risk in type 2 diabetes and has no relation to
hypoglycemia in type 1 diabetes, while the variability in glucose
levels showed great promise as better predictors (38).In this study,
HbA1c did not differ between the two groups, which was consistent
with other researches (28, 35), confirming the ability of LAGE
beyond HbAlc for predicting NAH.

Our research has the following strengths. Firstly, the subjects in
this study are outpatients with type 2 diabetes, the diabetic condition
of whom are generally considered to be in stable, so NAH is not
seriously concerned among these individuals. In addition, as they
usually aim for normal blood glucose level, NAH is more likely to
occur and leads to serious complications without timely medical
assistances. Therefore, the prediction and prevention of NAH is
extremely meaningful in such a population. Secondly, in spite of some
advantages of CGM, long-term wearing of CGM devices for
outpatients is currently impractical. Nevertheless, LAGE based on
SMBG is easily calculated and convenient to make a rapid assessment
for NAH risk. Thirdly, all data were acquired without changing
patients’ lifestyle and medications, which reflects the true daily
glucose fluctuations, improving the reliability of LAGE as an
independent predictor of NAH.

Several limitations of this study should be noted. Firstly, the
sample size included in this study is relatively small. A study with
a larger sample size and longer duration is needed to further
consolidate the results of this study. Secondly, subjects included
in this study are patients with type 2 diabetes, thus our findings
may not be applicable to all diabetes patients, especially patients
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with type 1 diabetes. Thirdly, other factors that may affect
glycemic variability, such as exercise, food intake and beta-cell
function, were not investigated in the current study. In the near
future, we will continue to study with a larger sample size and try
to combine these factors for analysis to improve the specificity
and sensitivity of the prediction of NAH. Finally, severe
hypoglycemia (<3.0 mmol/L) is also critical. Because there
were only 30 patients with severe hypoglycemia in this study,
which may affect statistical power, there was no statistical
difference between LAGE and severe hypoglycemia (data not
shown). Our subsequent studies will also include more patients
with blood glucose less than 3.0 mmol/L to clarify the association
between LAGE and severe hypoglycemia.

CONCLUSIONS

In conclusion, our study showed that higher glycemic variability is
strongly associated with higher risk of NAH, and proposed LAGE
could be an independent predictor of NAH for outpatients with
type 2 diabetes. LAGE greater than 3.48 mmol/L could act as a
warning alarm for high risk of NAH. Taking the convenience and
feasibility of SBMG into account, a real-time alarm based on
LAGE may minimize NAH exposure to further achieve better
diabetes management. We hope our research can serve as a
reference that helps in hypoglycemia prevention.
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