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ABSTRACT
Aims/introduction: We proposed a novel continuous glucose monitoring (CGM)-
based metric, area under the curve in range (AucIR), for integrating both the amplitude
and duration of dysglycemia, and further compared AucIR with the emerging key CGM-
derived metric, time in range (TIR).
Materials and methods: A total of 2,030 adult patients with type 2 diabetes were
enrolled during May 2020 to October 2021. AucIR and TIR were measured with 7-day
CGM data. Logistic regression analysis and the C-statistic was carried out to assess the
association of AucIR and TIR with diabetic retinopathy (DR).
Results: Both AucIR (r = -0.89) and TIR (r = -0.95) were strongly correlated with mean
glucose levels. Compared with TIR, AucIR showed a tighter relationship with parameters
of glycemic variability, including the coefficient of variation (r = -0.56), standard deviation
(r = -0.89) and mean amplitude of glycemic excursions (r = -0.70). For each absolute
10% decrease in AucIR, the risk of DR was increased by 7% (95% confidence interval 1.02–
1.13) after adjustment for confounders. With respect to TIR, each absolute 10% decrease
was associated with an 8% (95% confidence interval 1.03–1.14) increased risk of DR. The
model discrimination for DR, as measured by C-statistic, did not differ significantly
between the two metrics (P > 0.05).
Conclusions: AucIR did not provide added benefit over TIR in the assessment of DR
risk among patients with type 2 diabetes. The potential value of AucIR needs to be
explored in future studies.

INTRODUCTION
With the constant advances in technology, continuous glucose
monitoring (CGM) has become more widely adopted for dia-
betes management. However, interpretation of huge amounts of
glucose data generated by CGM technology remains a key
issue. Among the standardized CGM metrics recommended by
international consensus statements and guidelines1–3, time in
range (TIR) has been popularized as an intuitive and valid
measure of glucose control. Emerging evidence shows that
lower TIR is significantly associated with increased risk of
diabetes-related outcomes4–9, including our previous study cor-
relating 3-day TIR with varying degrees of diabetic retinopathy

(DR) in type 2 diabetes10. However, it should be recognized
that TIR does not reflect the amplitude of glucose excursions,
as it is calculated as the time spent in a target glucose range
(Figure 1a).
Needless to say, the amplitude of hyperglycemia/hypo-

glycemia is significantly correlated with the clinical outcomes of
diabetes. For example, all-cause mortality increased significantly
with increasing average glucose levels reflected by glycated
hemoglobin A1c in the combined Diabetes Control and Com-
plications Trial/Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) cohort11, and severe hypo-
glycemia was also linked to cardiovascular and all-cause mortal-
ity12,13. In concert with this notion, a previous longitudinal
study showed that the area under the curve (AUC;
>10 mmol/L) was significantly related to the risk of retinopathyReceived 16 March 2022; revised 7 April 2022; accepted 13 April 2022
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progression and microalbuminuria development4. Furthermore,
in the 2017 Advanced Technologies & Treatments for Diabetes
consensus conference, AUC was recommended as one of the
core CGM metrics for assessing glucose control, and should be
documented in the standardized CGM reports – Ambulatory
Glucose Profile1. Taken together, a new glucose metric that
captures both the duration and amplitude of dysglycemia might
theoretically provide additional information over TIR. There-
fore, based on the definition of TIR and AUC, we developed a
novel CGM-based metric, area under the curve in range
(AucIR), which is defined as the average percentage of AUC
for glucose between 3.9 and 10.0 mmoL/L, in the sum of AUC
above, between and below these thresholds during a 24-h per-
iod (Figure 1b). For further comparison of the clinical utility
between AucIR and TIR, we assessed the correlations among
AucIR, TIR and other CGM metrics, and the relationships of
the two metrics to DR.

MATERIALS AND METHODS
Study population
In the present cross-sectional study, individuals who were admit-
ted to the Department of Endocrinology and Metabolism of
Shanghai Jiao Tong University School of Medicine Affiliated
Sixth People’s Hospital, Shanghai, China, were consecutively
screened from May 2020 to October 2021. Patients with the diag-
nosis of type 2 diabetes aged between 18 and 80 years and with
complete CGM data were eligible for the study. We excluded
those with diabetic ketoacidosis; severe and recurrent hypo-
glycemic events; and acute infection, chemotherapy and use of
corticosteroids within the previous 3 months. Finally, a total of
2,030 patients were included in the analysis. The study was
approved by the Research Ethics Committees of Shanghai Jiao
Tong University School of Medicine Affiliated Sixth People’s
Hospital, and was carried out in accordance with the Declaration
of Helsinki. Informed consent was obtained from all participants.

Clinical and biological parameters
Sex, age, the duration of diagnosed diabetes, history of comor-
bidities, smoking and drinking status, and current use of medi-
cation were recorded through a standardized electronic health
record form. All participants underwent a physical examination,
including blood pressure, height and weight measurement ,as
previously described10. Body mass index was calculated as

weight (kg) divided by the square of height (m). All partici-
pants were fasted overnight for 10 h before venous blood sam-
pling on day 2 of hospital admission. Biochemical measures,
including fasting plasma glucose, fasting C-peptide, glycated
hemoglobin A1c, total cholesterol, triglycerides, high-density
lipoprotein cholesterol and low-density lipoprotein cholesterol,
were assayed as previously described10.

CGM parameters
Retrospective CGM systems (iPro 2; Medtronic Inc, Northridge,
CA, USA) were used for subcutaneous interstitial glucose moni-
toring. All participants had the sensor inserted (Enlite; Medtro-
nic Inc) on the first day of hospital admission and removed
after 7 days, generating a daily record of 288 glucose values. At
least four capillary blood glucose levels per day were measured
using SureStep blood glucose meter (LifeScan, Milpitas, CA,
USA) to calibrate the CGM systems. AUC for glucose
>10.0 mmol/L, between 3.9 and 10.0 mmol/L, and <3.9 mmol/
L were calculated according to the trapezoidal rule. AucIR was
defined as the average percentage of AUC for glucose between
3.9 and 10.0 mmol/L, in the sum of AUC above, between and
below these thresholds during a 24-h period (Figure 1b). TIR
was defined as the average percentage of time for glucose
between 3.9 and 10 mmol/L during a 24-h period. Glucose
management indicator was calculated from the mean sensor
glucose by the equation: glucose management indicator
(%) = 3.31 + 0.023923 9 mean glucose (mg/dL)14. Within-day
glycemic variability metrics including coefficient of variation,
standard deviation (SD) and mean amplitude of glycemic
excursions were also calculated. High blood glucose index and
low blood glucose index were calculated to reflect the risk of
hyperglycemia and hypoglycemia, respectively15.

Assessment of DR
Non-mydriatic digital fundus photography was carried out with
a 45°, 6.3-megapixel camera (CR6-45NM; Canon, Lake Success,
NY, USA) for the screening of DR by a trained ophthalmolo-
gist. Participants were promptly referred to an experienced oph-
thalmologist for further examinations and diagnosis if
photographs were uninterpretable or DR was observed on
screening. DR was diagnosed and graded by severity according
to the International Classification of Diabetic Retinopathy16, as
previously described10.

Figure 1 | (a) Ambulatory glucose profiles from two typical inpatients with type 2 diabetes. Although the two patients had identical time in range
(TIR; 75%) that met the target, the amplitudes of glucose excursions varied greatly, which would lead to different management suggestion for
lifestyle changes or antihyperglycemic therapy adjustments. This is where area under the curve (AUC) in range (AucIR) has considerable benefit.
As shown in this figure, patient 2 (76.4%) with higher postprandial glucose levels had markedly lower AucIR than patient 1 (90.6%). (b) Graphical
representation of AucIR. AucIR is defined as the average percentage of AUC for glucose between 3.9 mmoL/L and 10.0 mmoL/L (green area),
in the sum of AUC above (yellow area), between (green area) and below (red area) these thresholds during a 24-h period. CV, coefficient of
variation; GMI, glucose management indicator; MAGE, mean amplitude of glycemic excursions; SD, standard deviation; TAR, time above range;
TBR, time below range.
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Statistical analysis
R version 4.0.3 (The R Foundation for Statistical Computing,
Vienna, Austria) was used for the statistical analysis. Continu-
ous variables with a normal or non-normal distribution are
presented as the mean – SD or median with interquartile range
(25–75%), respectively, and categorical variables as percentages
(%). Characteristics of participants were compared between
groups by using unpaired Student’s t tests or Wilcoxon rank
sum tests for continuous variables, and v2-tests for categorical
variables.
Spearman correlation coefficients (r) were calculated to assess

the correlations among CGM parameters. The correlations and
distributions of those parameters are shown in matrix form17.
Restricted cubic splines nested in logistic models were used to
test the linear association of AucIR and TIR with the risk of
DR. Binary and multinomial logistic regression analysis was
carried out to assess the relationship of AucIR, as either cate-
gorical (quartile 4 [Q4] as the reference group: >92.8%, quartile
3 [Q3]: 81.8~92.8%, quartile 2 [Q2]: 65.2~81.7% and quartile 1
[Q1]: ≤65.1%) or continuous variables (each absolute 10%
decrease), with DR presence as the primary outcome and DR

severity as the secondary outcome. Similarly, the relationship of
TIR with the presence and severity of DR was also assessed
using binary and multinomial logistic regression analysis. The
C-statistic, integrated discrimination improvement and net
reclassification improvement indexes were calculated to com-
pare the discrimination ability of AucIR with TIR in identifying
DR, as assessed by using fully adjusted logistic models.

RESULTS
The characteristics of the enrolled 2,030 participants (1,255
men and 775 women) are summarized in Table 1. The median
age was 61.0 years (53.0–68.0 years), and median diabetes
duration was 12.0 years (5.0–19.0 years). A total of 551 partici-
pants were diagnosed with DR, equivalent to 27.1% of all par-
ticipants. The median AucIR was 77.8% (59.3–91.1%) in
participants with DR compared with 82.7% (67.5–93.6%) in
those without DR (P < 0.001). Meanwhile, median TIR was
69.0% (52.0–82.0%) in participants with DR compared with
74.0% (60.0–86.0%) in those without DR (P < 0.001).
The distributions of CGM metrics and correlations among

them are shown in Figure 2. Both AucIR (r = -0.89,

Table 1 | Clinical characteristics of participants by the presence of diabetic retinopathy

Total (n = 2,030) Without DR (n = 1,479) With DR (n = 551) P-value

Female 775 (38.2) 553 (37.4) 222 (40.3) 0.25
Age (years) 61.0 (53.0, 68.0) 61.0 (52.0, 68.0) 62.0 (55.0, 67.5) 0.12
Diabetes duration (years) 12.0 (5.0, 19.0) 10.0 (4.0, 17.0) 15.0 (10.0, 20.0) <0.001
Systolic blood pressure (mmHg) 134.1 – 17.1 132.4 – 16.1 138.6 – 19.0 <0.001
Diastolic blood pressure (mmHg) 80.7 – 10.4 80.5 – 10.2 81.2 – 10.9 0.17
BMI (kg/m2) 25.0 – 3.7 25.1 – 3.8 24.9 – 3.4 0.20
Total cholesterol (mmol/L) 4.6 (3.7, 5.4) 4.6 (3.8, 5.4) 4.5 (3.7, 5.4) 0.45
Triglycerides (mmol/L) 1.4 (0.9, 2.1) 1.4 (1.0, 2.1) 1.4 (0.9, 2.2) 0.84
HDL-C (mmol/L) 1.1 (0.9, 1.3) 1.1 (0.9, 1.3) 1.1 (0.9, 1.3) 0.31
LDL-C (mmol/L) 2.6 (2.0, 3.2) 2.6 (2.0, 3.2) 2.5 (1.9, 3.1) 0.008
HbA1c (%) 8.4 (7.2, 9.9) 8.3 (7.1, 9.8) 8.6 (7.3, 9.9) 0.03
HbA1c (mmol/mol) 68 (55, 85) 67 (54, 84) 70 (56, 85) 0.03
GA (%) 20.7 (17.0, 25.8) 20.4 (16.8, 25.5) 21.5 (17.6, 26.6) 0.005
Fasting plasma glucose (mmol/L) 6.7 (5.6, 8.2) 6.8 (5.7, 8.2) 6.5 (5.5, 8.3) 0.18
Fasting C-peptide (ng/mL) 1.6 (1.1, 2.5) 1.8 (1.1, 2.5) 1.5 (1.0, 2.2) <0.001
CGM metrics

GMI (%) 7.1 (6.7, 7.6) 7.1 (6.7, 7.5) 7.2 (6.8, 7.7) <0.001
Coefficient of variation (%) 27.0 (22.6, 32.1) 26.6 (22.4, 31.7) 27.9 (23.7, 32.6) 0.001
Standard deviation (mmol/L) 2.4 (1.9, 3.0) 2.4 (1.8, 3.0) 2.6 (2.0, 3.2) <0.001
TIR (%) 73.0 (58.0, 85.0) 74.0 (60.0, 86.0) 69.0 (52.0, 82.0) <0.001
AucIR (%) 81.7 (65.1, 92.8) 82.7 (67.5, 93.6) 77.8 (59.3, 91.1) <0.001

Current smoker 442 (21.8) 328 (22.2) 114 (20.7) 0.51
Current alcohol drinker 307 (15.1) 222 (15.0) 85 (15.4) 0.87
Anti-diabetic agents

Oral antidiabetes drugs 1,314 (64.7) 970 (65.6) 344 (62.4) 0.20
Insulin 1,467 (72.3) 1,016 (68.7) 451 (81.9) <0.001

Antihypertension agents 1,084 (53.4) 754 (51.0) 330 (59.9) <0.001
Lipid-lowering agents 1,555 (76.6) 1,126 (76.1) 429 (77.9) 0.45

Data are expressed as the mean – standard deviation, median (interquartile range 25–75%) or n (%). AucIR, area under the curve in range; BMI,
body mass index; CGM, continuous glucose monitoring; GA, glycated albumin; GMI: glucose management indicator; HbA1c, glycated hemoglobin
A1c; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; TIR, time in range.
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P < 0.001) and TIR (r = -0.95, P < 0.001) had strongly nega-
tive correlations with glucose management indicator. Mean-
while, there were significant correlations between AucIR and
parameters of glycemic variability, including coefficient of varia-
tion (r = -0.56), SD (r = -0.89) and mean amplitude of glyce-
mic excursions (r = -0.70; all P < 0.001). However, the
correlations were weaker for TIR with coefficient of variation
(r = -0.38), SD (r = -0.76) and mean amplitude of glycemic
excursions (r = -0.60; all P < 0.001).
Restricted cubic spline analysis suggested a significantly lin-

ear and inverse relationship between AucIR and the risk of
DR (P for non-linear = 0.92; Figure S1a). Multivariable-

adjusted (age, sex, current smoking status, diabetes duration,
body mass index, systolic blood pressure, triglycerides, high-
density lipoprotein cholesterol, low-density lipoprotein choles-
terol) odds ratios (ORs) for DR across descending quartiles
of AucIR were 1.00, 1.07 (95% confidence interval [CI]
0.79–1.45), 1.19 (95% CI 0.88–1.60) and 1.40 (95% CI 1.04–
1.89; P for trend = 0.02), respectively. For each absolute 10%
decrease in AucIR, the risk of DR was increased by 7%
(95% CI 1.02–1.13) after adjustment for confounders. With
respect to TIR, each absolute 10% decrease was associated
with an 8% (95% CI 1.03–1.14) increased risk of DR
(Table 2).

Figure 2 | The distributions of continuous glucose monitoring (CGM) metrics and correlations among them. The distributions of CGM metrics are
shown in the diagonal area. Correlations among area under the curve in range (AucIR), time in range (TIR) and selected CGM metrics are shown in
the upper area. All r values are Spearman’s correlation coefficients with P < 0.001. Scatter plots for paired AucIR, TIR and selected CGM metrics
values are shown in the lower area. CV, coefficient of variation; GMI, glucose management indicator; HBGI, high blood glucose index; LBGI, low
blood glucose index MAGE, mean amplitude of glycemic excursions; SD, standard deviation.

Table 2 | Odd ratios for diabetic retinopathy according to area under the curve in range and time in range

Quartiles P-value for
trend

each absolute
10% decrease

Q4 Q3 Q2 Q1

AucIR >92.8% 81.8–92.8% 65.2–81.7% ≤65.1%
Model 1 1.00 1.20 (0.90–1.61) 1.38 (1.04–1.84) 1.77 (1.34–2.35) <0.001 1.12 (1.07–1.17)
Model 2 1.00 1.07 (0.79–1.45) 1.19 (0.88–1.60) 1.40 (1.04–1.89) 0.02 1.07 (1.02–1.13)

TIR >85% 74–85% 59–73% ≤58%
Model 1 1.00 1.16 (0.86–1.56) 1.46 (1.10–1.95) 1.76 (1.32–2.34) <0.001 1.13 (1.07–1.18)
Model 2 1.00 1.03 (0.75–1.41) 1.23 (0.91–1.67) 1.37 (1.01–1.86) 0.02 1.08 (1.03–1.14)

Model 1 was adjusted for age and sex; model 2 was adjusted for the covariates in model 1 plus current smoking status, diabetes duration, body
mass index, systolic blood pressure, triglycerides, high-density lipoprotein cholesterol and low-density lipoprotein cholesterol. AucIR, area under curve
in range; TIR, time in range.
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In a multinomial logistic regression model with participants
without DR as the reference group, lower levels of AucIR were
significantly associated with an increased risk of mild NPDR
(OR 1.09, 95% CI 1.03–1.15; Table S1). A similar significant
association was observed between TIR and the risk of mild
NPDR (OR 1.09, 95% CI 1.03–1.16; Table S2). However, nei-
ther AucIR nor TIR was associated with moderate NPDR or
vision-threatening DR.
The C-statistic values of the two models incorporating AucIR

(0.6818, 95% CI 0.6559–0.7078) or TIR (0.6824, 95% CI
0.6566–0.7082) for DR identification did not differ significantly
(P = 0.64). The integrated discrimination improvement
(-0.0002, 95% CI -0.0011 to 0.0008, P = 0.75) and net reclassi-
fication improvement (-0.0816, 95% CI -0.1794 to 0.0162,
P = 0.10) analyses were consistent with the C-statistic results,
showing that compared with TIR, AucIR did not provide a sig-
nificant improvement in risk discrimination (Table 3).

DISCUSSION
The current study proposed a novel CGM metric, AucIR, for
assessing glucose control. We found that, in addition to the
strong correlations with mean glucose levels for both AucIR
and TIR, the former seemed to show a tighter relationship with
parameters of glycemic variability than the latter. This observa-
tion can be explained by the inherent feature of AUC, which
integrates both the amplitude and duration of glucose excur-
sions. Figure 1a shows the representative CGM data for two
patients with type 2 diabetes. Although the two patients had
identical TIR values, the amplitudes of glucose excursions var-
ied greatly, accompanied by remarkably different values of
AucIR. Therefore, AucIR seems to provide more information
on the quality of glucose control.
There is emerging evidence supporting associations of TIR

with diabetes-related complications, including diabetic retinopa-
thy4,10, albuminuria4,18, cardiovascular autonomic neuropathy5,
peripheral neuropathy6, and all-cause and cardiovascular mor-
tality8. Meanwhile, apart from data obtained in inpatients set-
tings, several studies in outpatients also showed that lower
levels of TIR were closely related to an increased risk of dia-
betic complications19,20. In this context, the new guideline of
American Diabetes Association placed TIR among glucose tar-
gets with comprehensive and detailed recommendations3.
Regarding AucIR, although it has not been discussed

previously, associations of AUC (>10 mmol/L) with the risk of
retinopathy progression and microalbuminuria development
was reported in a post-hoc analysis of the Diabetes Control
and Complications Trial4. Based on 7-day CGM data, the pre-
sent study found that AucIR was significantly associated with
the risk of DR, although it did not provide superior model dis-
crimination over TIR. The present results in turn suggest that
TIR, which only considers the duration of dysglycemia, might
be sufficient for risk prediction of DR. Nevertheless, it is note-
worthy that AucIR in the current study mostly reflected infor-
mation on hyperglycemia due to the extremely short time
spent in hypoglycemia among the enrolled patients with type 2
diabetes, which could underestimate the value of AucIR in the
assessment of overall glucose control. Therefore, it might be
interesting to evaluate the performance of AucIR in patients
with a higher risk of hypoglycemia, such as type 1 diabetes
patients. Additionally, the potential added benefit of AucIR
needs to be further examined using other outcomes, such as
nephropathy and cardiovascular events.
The major strengths of the present study include well-

documented clinical traits and relatively large sample size.
However, there are still certain limitations that should be clari-
fied. First, the present results are based on a cross-sectional
study design, which cannot establish a cause-and-effect relation-
ship between AucIR and the risk of DR. Second, as shown in
previous studies, the optimal sampling duration for CGM to
determine 3-month glucose control is 14 days21,22. Therefore,
the CGM duration of 7 days used in the current study might
not be long enough to optimally assess the overall glycemic
pattern. Finally, CGM data were obtained in the inpatient set-
tings, which might not fully represent their historical glycemic
control in ordinary daily life. In addition, the participants
enrolled in the present study were all Chinese with type 2 dia-
betes exclusively. Thus, whether the present results can be gen-
eralized to other populations with diabetes needs to be further
explored.
In conclusion, among type 2 diabetes, although AucIR is

strongly correlated with mean glucose levels and superior to
TIR in correlations with parameters of glycemic variability,
there is no significant difference in their associations with DR.
Therefore, as a simple measure, TIR might be sufficient for risk
prediction of DR in type 2 diabetes patients. Longitudinal stud-
ies with different populations and outcomes design are

Table 3 | Comparison of prediction performance between area under curve in range and time in range in the risk of diabetic retinopathy

Basic model + TIR Basic model + AucIR P-value

C-statistic (95% CI) 0.6824 (0.6566–0.7082) 0.6818 (0.6559–0.7078) 0.64
IDI (95% CI) Ref. -0.0002 (-0.0011 to 0.0008) 0.75
Continuous NRI (95% CI) Ref. -0.0816 (-0.1794 to 0.0162) 0.10

The basic model included age, sex, current smoking status, diabetes duration, body mass index, systolic blood pressure, triglycerides, high-density
lipoprotein cholesterol and low-density lipoprotein cholesterol. AucIR, area under curve in range; IDI, integrated discrimination improvement; NRI,
net reclassification improvement; TIR, time in range.
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warranted to further explore whether AucIR has added value
over TIR in predicting diabetes-related outcomes.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.
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