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Relationship of continuous glucose 
monitoring‑related metrics 
with HbA1c and residual β‑cell 
function in Japanese patients 
with type 1 diabetes
Naru Babaya, Shinsuke Noso, Yoshihisa Hiromine, Yasunori Taketomo, Fumimaru Niwano, 
Sawa Yoshida, Sara Yasutake, Yumiko Kawabata & Hiroshi Ikegami*

The targets for continuous glucose monitoring (CGM)‑derived metrics were recently set; however, 
studies on CGM data over a long period with stable glycemic control are limited. We analyzed 194,279 
CGM values obtained from 19 adult Japanese patients with type 1 diabetes. CGM data obtained 
during stable glycemic control over four months were analyzed. CGM‑related metrics of different 
durations “within 120, 90, 60, 30, and 7 days” were calculated from baseline. Time in range (TIR; 
glucose 70–180 mg/dL), time above range (TAR; glucose ≥ 181 mg/dL), and average glucose levels, 
but not time below range (TBR; glucose ≤ 69 mg/dL), strongly correlated with glycated hemoglobin 
(HbA1c) values (P < 0.0001). TBR correlated with glucose coefficient of variation (CV) (P < 0.01). Fasting 
serum C‑peptide levels negatively correlated with glucose CV (P < 0.01). HbA1c of approximately 
7% corresponded to TIR of 74% and TAR of 20%. The shorter the CGM period, the weaker was the 
relationship between HbA1c and CGM‑related metrics. TIR, TAR, and average glucose levels accurately 
reflected HbA1c values in Japanese patients with type 1 diabetes with stable glycemic control. Glucose 
CV and TBR complemented the limitation of HbA1c to detect glucose variability and hypoglycemia. 
Stable glycemic control with minimal hypoglycemia depended on residual β‑cell function.

Glycated hemoglobin (HbA1c) is the gold standard for long-term blood glucose monitoring reflecting the mean 
glucose levels over the last 2–3 months1,2. Many seminal trials have clarified the relationship between glycemic 
control and microvascular and macrovascular complications in patients with type 1 and type 2 diabetes using 
 HbA1c3–5. However, HbA1c has several limitations because first, it is affected by genetic, hematological, and 
other clinical factors unrelated to glycemia, such as disorders affecting red cell turnover, hemoglobinopathies, 
and certain anemias etc. Second, HbA1c does not reflect the short-term changes in glycemic control. Third, 
HbA1c cannot be used to identify the magnitude and frequency of intra- and inter-day glucose  variations1,2 
to distinguish between patients with stable glycemic control and those with rapidly changing glycemic levels.

Continuous glucose monitoring (CGM) has been recognized as a "beyond HbA1c"  tool1,6. CGM devices, 
which can measure glucose levels in the subcutaneous interstitial fluid and convert them into the equivalent 
venous blood glucose levels, have grown rapidly in recent years, because of their improved sensor accuracy, 
convenience of use, and reduced user cost. The major advantage of CGM technology is that the overall daily 
profile of blood glucose can be captured, particularly, the postprandial and nocturnal blood glucose levels. 
Many studies have demonstrated considerable benefits of CGM in patients with  diabetes7, particularly those 
with insulin-depended diabetes and at high hypoglycemia  risk2,8. Although the opportunities to use CGM are 
increasing, the utilization of CGM data is not adequate in routine clinical practice because of the lack of clear 
and agreed-upon glycemic targets.

Recently, consensus recommendations for the relevant aspects of CGM data utilization have been reported 
by the consensus panel in the Advanced Technologies & Treatments for Diabetes (ATTD) Congress in  20192. 
In the consensus recommendations, several metrics, such as time in range (TIR), time above range (TAR), time 
below range (TBR), average glucose, glycemic variability (% coefficient of variation [CV]), were included. Given 
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that long-term studies on the relationship between these metrics and diabetes complications are required, the 
guidance on target for these metrics has been shown for various types of diabetes based on several lines of evi-
dence, which showed correlations between TIR (70–180 mg/dL) and diabetes  complications7,9,10 and clarified the 
relationship between TIR and  HbA1c11–13. However, most studies were based on data extracted from published 
trials or articles for other purposes. In addition, these studies were performed in Western countries and most 
of the participants were  Caucasian11,13. Considering the impact of the racial factor in the relationship between 
mean blood glucose and  HbA1c14, studies in different populations are necessary.

This study aimed to clarify the relationship between several metrics measured by CGM and data of well-
established laboratory parameters, particularly, HbA1c and serum C-peptide (C-peptide immunoreactivity: 
CPR), in adult Japanese patients with type 1 diabetes. To ensure data accuracy, CGM data for a sufficiently 
long period were obtained from patients with stable glycemic control without conditions leading to variability 
of HbA1c. This would be beneficial for both, patients with type 1 diabetes and healthcare professionals for the 
appropriate interpretation of CGM-related metrics and their use for better management of glycemic control, 
reducing the incidences of hypoglycemia or hyperglycemia.

Results
The results of univariate regression analysis between HbA1c (x-axis) and TIR (y-axis) measured within 120 days 
from baseline are shown in Fig. 1A. A strong inverse relationship between HbA1c and TIR was observed 
(P < 0.0001), suggesting that HbA1c data were sufficient to explain TIR. HbA1c of 7% corresponded to a TIR 
of approximately 74% (Table 1), and the coordinate (x = 7%, y = 70%) was included within the 95% confidence 
band of the best-fit line (Fig. 1A). An increase in TIR of 18% will cause a decrease in HbA1c of 1.0% (Supple-
mentary Fig. 1A). In Fig. 1B, a strong positive relationship was observed between HbA1c and TAR (P < 0.0001), 
suggesting that HbA1c data were sufficient to explain TAR. HbA1c of 7% corresponded to a TAR of approxi-
mately 20% (Table 1), and the coordinate (x = 7%, y = 25%) was not included within the 95% confidence band 
of the best-fit line (Fig. 1B). A decrease of 19% in TAR will cause a decrease in HbA1c of 1.0% (Supplementary 
Fig. 1B). In Fig. 1C, unlike TIR and TAR, no significant relationship was observed between HbA1c and TBR 
(P > 0.05) (Table 1).

In Fig. 2A, we observe a strong positive relationship between HbA1c and average glucose (P < 0.0001), sug-
gesting that HbA1c had sufficient data to explain average glucose. HbA1c of 7% corresponded to an average 
glucose of approximately 138 mg/dL (7.7 mM) (Table 1). A decrease of 39 mg/dL (2.6 mM) in average glucose 
will cause a decrease in HbA1c of 1.0% (Supplementary Fig. 1C), indicating that HbA1c of 6% of the study 
population corresponded to an average glucose of approximately 100 mg/dL (5.6 mM). In the remaining CGM-
related metrics, glucose SD positively correlated with HbA1c (P < 0.0001) (Fig. 2B), whereas glucose CV and 
HbA1c were not related (P > 0.05) (Fig. 2C). The mean of glucose CV was 0.35 (range 0.27–0.47). Glucose CV 
did not correlate with TIR and TAR (P > 0.05 in both) (Fig. 3A,B) as in the case of HbA1c (Fig. 2C). However, 
glucose CV significantly correlated with TBR, indicating that the increase in glucose CV was associated with 
increase in hypoglycemia (Fig. 3C). Since 2 of the 19 patients (No. 3 and 10 in Tables 2 and 3) had fewer read-
ings (< 70%) for “within 120 days,” we performed an analysis excluding them, but the results were similar to the 
analysis with all the patients.
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Figure 1.  Scatterplot indicating the relationship between HbA1c (x-axis) and CGM-related metrics (TIR (A), 
TAR (B), and TBR (C); y-axis) measured within 120 days from baseline. The solid line is the line of best-fit 
from the linear regression analysis. The dashed band is the 95% confidence band of the best-fit line. The dotted 
horizontal lines represent a TIR of 70% (A), a TAR of 25% (B), and a TBR of 4% (C): these values are based on 
the targets of TIR, TAR, and TBR for adults with type 1 or type 2 diabetes from recommendations of the ATTD 
2019 consensus statement. The dotted vertical lines represent an HbA1c of 7%. TIR time in range (glucose 
70–180 mg/dL), TAR  time above range (glucose ≥ 181 mg/dL), TBR time below range (glucose ≤ 69 mg/dL), R2 
coefficient of determination.
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As previous studies have indicated serum CPR levels as an essential contributor to glucose  variability15–17, the 
relationship between serum CPR and CGM-related metrics was investigated. Wide variations in TIR and TAR 
were observed in decreased fasting serum CPR (Fig. 4A,B). Markedly low TIR (Fig. 4A), high TAR (Fig. 4B) and 
high TBR (Fig. 4C) were observed in patients with fasting serum CPR < 0.1 ng/mL.

Table 1.  Linear regression showing the difference in the measurement periods. TIR time in range (glucose 
level: 70–180 mg/dL), TAR  time above range (glucose level: > 180 mg/dL), TBR time below range (glucose 
level: < 70 mg/dL), CI confidence interval, R2 coefficient of determination.

Measurement period from baseline

y = TIR (%) or TAR (%) or TBR (%) or average glucose (mg/dL)
x = HbA1c (%)

Best-fit line 95% CI of a slope R2 P value Value when x = 7.0

TIR

Within 120 days y = − 16.41x + 188.6 − 19.39 to − 13.43 0.8881  < 0.0001 73.73

Within 90 days y = − 16.06x + 185.6 − 19.13 to − 12.98 0.8771  < 0.0001 73.18

Within 60 days y = − 16.38x + 188.3 − 19.40 to − 13.36 0.8851  < 0.0001 73.64

Within 30 days y = − 16.69x + 191.4 − 20.30 to − 13.09 0.8489  < 0.0001 74.57

Within 7 days y = − 16.16x + 187.9 − 21.44 to − 10.89 0.7110  < 0.0001 74.78

TAR 

Within 120 days y = 18.14x − 106.6 15.91 to 20.37 0.9445  < 0.0001 20.38

Within 90 days y = 17.90x − 104.7 15.69 to 20.11 0.9449  < 0.0001 20.60

Within 60 days y = 18.30x − 108.2 16.25 to 20.36 0.9541  < 0.0001 19.90

Within 30 days y = 18.55x − 111.5 15.40 to 21.71 0.9005  < 0.0001 18.35

Within 7 days y = 18.43x − 110.5 14.17 to 22.70 0.8302  < 0.0001 18.51

TBR

Within 120 days y = − 1.731x + 17.98 − 3.526 to 0.06383 0.1959 0.0578 5.863

Within 90 days y = − 1.839x + 19.10 − 3.890 to 0.2112 0.1740 0.0756 6.227

Within 60 days y = − 1.917x + 19.89 − 3.949 to 0.1137 0.1892 0.0627 6.471

Within 30 days y = − 1.861x + 20.03 − 3.768 to 0.04726 0.1994 0.0553 7.003

Within 7 days y = − 2.279x + 22.66 − 5.058 to 0.5013 0.1496 0.1018 6.707

Average glucose

Within 120 days y = 38.07x − 128.8 34.84 to 41.31 0.9732 < 0.0001 137.69

Within 90 days y = 37.58x − 125.5 34.03 to 41.13 0.9671 < 0.0001 137.56

Within 60 days y = 38.40x − 132.5 35.26 to 41.54 0.9751 < 0.0001 136.30

Within 30 days y = 37.60x − 129.9 32.83 to 42.36 0.9423 < 0.0001 133.30

Within 7 days y = 36.07x − 117.0 29.99 to 42.14 0.9024 < 0.0001 135.49
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Figure 2.  Scatterplot indicating the relationship between HbA1c (x-axis) and CGM-related metrics (average 
glucose (A), glucose SD (B), and glucose CV (C); y-axis) measured within 120 days from baseline. The solid line 
is the line of best-fit from the linear regression analysis. The dashed band is the 95% confidence band of the best-
fit line. The dotted vertical lines represent an HbA1c of 7%. SD standard deviation, CV coefficient of variation, 
R2 coefficient of determination.
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In Fig. 5A, a significant inverse relationship was observed between fasting serum CPR and glucose CV 
(P < 0.005). An increase in fasting serum CPR was associated with a decrease in glucose CV (P < 0.01, Jonck-
heere–Terpstra trend test) (Fig. 5B).

In addition to the analysis of CGM data “within 120 days” from baseline described above, we further studied 
multiple time period measurements from baseline: within 90, 60, 30, and 7 days (Table 1). The results obtained 
were essentially the same as in the case of “within 120 days.” TIRs measured within 90 and 60 days from baseline 
showed strong relationship with HbA1c (coefficient of determination  (R2) = 0.8771 and  R2 = 0.8851, respectively) 
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Figure 3.  Scatterplot indicating the relationship between glucose CV (x-axis) and CGM-related metrics (TIR 
(A), TAR (B), and TBR (C); y-axis) measured within 120 days from baseline. The solid line is the line of best-fit 
from the linear regression analysis. The dashed band is the 95% confidence band of the best-fit line. The dotted 
horizontal lines represent a TIR of 70% (A), a TAR of 25% (B), a TBR of 4% (C): these values are based on the 
targets of TIR, TAR, and TBR for adults with type 1 or type 2 diabetes from recommendations of the ATTD 
2019 consensus statement. TIR time in range (glucose 70–180 mg/dL), TAR  time above range (glucose ≥ 181 mg/
dL), TBR time below range (glucose ≤ 69 mg/dL), R2 coefficient of determination.

Table 2.  Patient characteristics. BMI body mass index, BW body weight, CPR C-peptide immunoreactivity, 
CSII continuous subcutaneous insulin infusion, MDI multiple dose insulin injection. a The values of serum 
CPR “ < 0.01” were considered as 0 and calculated. Fasting CPR was measured on at least three different dates 
and the value on the day closest to the baseline date were adopted.

Participant 
number Age Gender BMI

Years since 
diagnosis Therapy

Total units of 
insulin injection 
per day

Total units of 
insulin injection 
per day/BW (kg)

HbA1c (%) of 
baseline

Fasting serum 
CPR (ng/ml)

1 46.4 Female 18.1 1.3 MDI 20.0 0.43 7.4 0.277

2 74.2 Female 14.9 13.3 MDI 27.0 0.86 9.5 < 0.01

3 61.7 Male 29.7 19.3 CSII 48.2 0.66 9.3 < 0.01

4 70.7 Female 22.0 25.8 CSII 51.6 1.04 7.4 < 0.01

5 34.2 Female 25.0 1.2 CSII 48.0 0.82 6.5 < 0.01

6 70.5 Female 20.6 30.8 MDI 32.0 0.69 6.4 < 0.01

7 70.9 Female 20.3 23.8 MDI 8.0 0.18 6.3 1.21

8 55.2 Female 20.3 0.7 MDI 23.0 0.44 6.7 1.13

9 38.4 Female 23.6 3.8 CSII 25.5 0.39 8.6 < 0.01

10 30.5 Male 27.9 14.8 CSII 50.2 0.63 11.5 < 0.01

11 32.3 Female 21.0 0.6 CSII 32.5 0.76 7.5 < 0.01

12 62.3 Male 19.6 1.4 MDI 33.0 0.53 7.2 0.311

13 39.0 Female 18.9 0.9 CSII 34.0 0.74 6.2 0.409

14 42.6 Male 27.5 9.0 MDI 53.0 0.65 7.2 < 0.01

15 43.2 Male 23.0 3.6 CSII 30.4 0.45 7.7 0.318

16 63.1 Female 16.8 4.0 MDI 17.0 0.42 7.3 0.064

17 53.1 Male 23.2 1.9 MDI 15.0 0.19 6.7 0.931

18 75.8 Female 21.1 5.0 MDI 18.0 0.37 8.2 0.285

19 45.3 Female 19.1 6.3 CSII 26.0 0.55 7.2 0.030

Total or 
mean ± SD 53.1 ± 15.2 Female: 13, 

Male: 6 21.7 ± 3.8 8.8 ± 9.6 MDI: 10, CSII: 9 31.2 ± 13.5 0.57 ± 0.22 7.6 ± 1.3 0.261 ± 0.397a
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as in the case of within 120 days  (R2 = 0.8881); however, TIRs measured within 30 and 7 days showed a slightly 
weaker correlation with HbA1c  (R2 = 0.8489 and  R2 = 0.7110, respectively). TARs and average glucose showed 
same tendency as TIRs, namely, a strong relationship with HbA1c for longer periods and slightly weaker for 
shorter periods. As for TBRs, no significant relationship with HbA1c for any period was observed. Glucose 
CVs measured within 90, 60, and 30 days from baseline showed strong relationship with fasting serum CPR 
 (R2 = 0.4092,  R2 = 0.3333, and  R2 = 0.2250, respectively) as in the case of “within 120 days”  (R2 = 0.4203); however, 
glucose CVs measured within 7 days showed no correlation with fasting serum CPR  (R2 = 0.1405).

Table 3.  HbA1c and number of data analyzed. CGM continuous glucose monitoring. a The number of 
analyzed data were divided by 11,568, 8688, 5808, 2928 corresponding to maximum points for 120.5, 90.5, 
60.5, and 30.5 days, respectively, and shown as % mounting time of CGM.

Participant 
number

HbA1c (%) Number of data analysed (% mounting time of CGM in the  perioda)

Four months 
before

Three months 
before

Two months 
before

One month 
before Baseline

Within 
120 days

Within 
90 days

Within 
60 days

Within 
30 days Within 7 days

1 7.3 7.3 7.2 7.2 7.4 9136 (79.0) 6742 (77.6) 4402 (75.8) 2154 (73.6) 593 (82.4)

2 8.2 8.8 8.9 9.2 9.5 10,939 (94.6) 8209 (94.5) 5537 (95.3) 2786 (95.2) 686 (95.3)

3 9.3 9.8 9.6 9.8 9.3 7621 (65.9) 5234 (60.2) 3276 (56.4) 1648 (56.3) 479 (66.5)

4 7.3 7.6 7.5 7.0 7.4 10,188 (88.1) 7675 (88.3) 5559 (95.7) 2740 (93.6) 692 (96.1)

5 6.8 6.7 6.7 6.5 6.5 10,656 (92.1) 7972 (91.8) 5123 (88.2) 2263 (77.3) 75 (10.4)

6 6.6 6.7 6.7 6.5 6.4 11,399 (98.5) 8548 (98.4) 5701 (98.2) 2849 (97.3) 660 (91.7)

7 6.6 6.4 6.4 6.3 6.3 11,076 (95.7) 8217 (94.6) 5366 (92.4) 2514 (85.9) 700 (97.2)

8 6.4 6.6 6.5 6.5 6.7 10,585 (91.5) 7955 (91.6) 5183 (89.2) 2408 (82.2) 462 (64.2)

9 8.4 8.4 8.3 8.4 8.6 10,852 (93.8) 7997 (92.0) 5162 (88.9) 2303 (78.7) 130 (18.1)

10 11.8 11.8 12.1 12.2 11.5 5376 (46.5) 4260 (49.0) 3517 (60.6) 2649 (90.5) 669 (92.9)

11 7.4 7.0 7.7 7.9 7.5 11,316 (97.8) 8479 (97.6) 5654 (97.3) 2809 (95.9) 704 (97.8)

12 6.9 6.9 7.3 7.4 7.2 11,464 (99.1) 8610 (99.1) 5759 (99.2) 2898 (99.0) 713 (99.0)

13 6.1 6.0 5.9 6.2 6.2 9769 (84.4) 7224 (83.1) 5023 (86.5) 2800 (95.6) 693 (96.3)

14 6.9 7.3 7.3 7.1 7.2 9650 (83.4) 6921 (79.7) 5416 (93.3) 2783 (95.0) 690 (95.8)

15 7.1 6.9 7.0 7.4 7.7 10,052 (86.9) 7507 (86.4) 5090 (87.6) 2558 (87.4) 701 (97.4)

16 7.0 7.0 7.1 7.4 7.3 11,499 (99.4) 8634 (99.4) 5780 (99.5) 2912 (99.5) 707 (98.2)

17 6.7 6.5 6.7 6.5 6.7 11,337 (98.0) 8502 (97.9) 5664 (97.5) 2822 (96.4) 694 (96.4)

18 8.0 8.4 8.2 8.4 8.2 11,384 (98.4) 8563 (98.6) 5737 (98.8) 2899 (99.0) 711 (98.8)

19 7.0 6.9 7.2 7.1 7.2 9980 (86.3) 7954 (91.6) 5428 (93.5) 2906 (99.2) 724 (100.6)

Mean ± SD 7.5 ± 1.3 7.5 ± 1.4 7.6 ± 1.4 7.7 ± 1.5 7.6 ± 1.3 10,225 ± 1534 
(88.4 ± 13.3)

7642 ± 1176 
(88.0 ± 13.5)

5178 ± 715 
(89.2 ± 12.3)

2616 ± 334 
(89.3 ± 11.4)

604 ± 192 
(84.0 ± 26.6)
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Figure 4.  Scatterplot indicating the relationship between fasting serum CPR (x-axis) and CGM-related metrics 
(TIR (A), TAR (B), and TBR (C); y-axis) measured within 120 days from baseline. The dotted horizontal lines 
represent a TIR of 70% (A), a TAR of 25% (B), and a TBR of 4% (C). The dotted vertical line represents a fasting 
serum CPR of 0.1 ng/mL. TIR time in range (glucose 70–180 mg/dL), TAR  time above range (glucose ≥ 181 mg/
dL), TBR time below range (glucose ≤ 69 mg/dL).
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Discussion
The present study was performed to clarify the advantages and disadvantages of CGM-related metrics relative 
to well-established laboratory-measured parameters, HbA1c and serum CPR, in type 1 diabetes. TIR, TAR, and 
average glucose levels, but not TBR, strongly correlated with HbA1c. TBR correlated with glucose CV. Fasting 
serum CPR was negatively correlated with glucose CV. HbA1c of approximately 7% corresponded to TIR of 74% 
and TAR of 20%. The shorter the CGM period, the weaker the relationship between HbA1c and CGM-related 
metrics. To date, numerous studies have been published on the relationship between CGM-related metrics 
and  HbA1c11,13. However, most studies have been based on data extracted from published trials or articles 
for other purposes and does not exist as studies specified in measurement terms, to investigate for CGM data 
for a sufficiently long period of  time11,13,18. To exactly investigate the relationship between HbA1c and CGM-
related metrics, the measurement periods were fixed as 120, 90, 60, 30, and 7 days from the baseline. To avoid 
discrepancy due to CGM-related metrics reflecting short-term glycemic status and HbA1c reflecting long-term 
glycemic status, only those patients with stable glycemic control and minimal changes in HbA1c four months 
prior to the baseline were considered for analysis, thus resulting in less than 15% variation in HbA1c. Despite 
a relatively small number of patients, a very strong relationship between CGM-related metrics, TIR, TAR, and 
particularly average glucose levels, and HbA1c was detected, indicating that CGM-related metrics TIR and TAR 
could adequately reflect laboratory-measured HbA1c provided that HbA1c levels have been stable within the 
past several months.

ATTD has indicated three key CGM-related metrics: TIR, TAR, and  TBR2. The ATTD report has described 
that CGM-based glycemic targets must be personalized to meet the needs of each person with diabetes. In addi-
tion, the report had proposed a glycemic range (a target range of 70–180 mg/dL) and targets of TIR, TAR, and 
TBR for adults with type 1 or type 2 diabetes (TIR > 70%, TAR < 25%, TBR < 4%) and older/high-risk individuals 
(TIR > 50%, TAR < 50%, TBR < 1%). Two studies have reported that TIR of 70% and 50% corresponded to an 
HbA1c of approximately 7% and 8%11, and 6.7% and 8.3%13, respectively. However, the present study on adult Jap-
anese patients with type 1 diabetes showed that TIRs of 70% and 50% corresponded to HbA1c of approximately 
7.3% and 8.4%, respectively (best-fit line: y = − 0.05412x + 11.06; when x = TIR, y = HbA1c) (Supplementary 
Fig. 1A). To achieve HbA1c of 7% and 8%, TIR should be more than 74% and 57%, respectively. TAR matched 
more with HbA1c compared to TIR or TBR, in our population. TAR of 25% and 50% corresponded with HbA1c 
of approximately 7.3% and 8.6%, respectively (best-fit line: y = 0.05211x + 5.969; when x = TAR, y = HbA1c) (Sup-
plementary Fig. 1B). To achieve HbA1c of 7% and 8%, TAR should be less than 20% and 39%, respectively.

TBR showed only marginal correlation with HbA1c. This may be due to a limited TBR compared to TIR and 
TAR. However, a tendency of reducing HbA1c with increasing TBR suggests the limitation of HbA1c and the 
advantage of the differentiation to increase TIR and simultaneously decrease or at least have unchanged TBR. 
In addition, as shown in Fig. 3C, a significant relationship between glucose CV and TBR was observed; there-
fore, higher the glucose CV, higher was TBR (risk of hypoglycemia). These results demonstrated the need to 
maintain glucose CV below a certain level (e.g., < 0.3619) to avoid hypoglycemia in patients at an increased risk. 
However, it is often difficult to regulate glucose CV in type 1 diabetes, particularly, in the subset of patients with 
unstable (brittle) diabetes. Even in patients with stable HbA1c in our study, the mean glucose CV was 0.35. One 
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Figure 5.  (A) Scatterplot indicating the relationship between fasting serum CPR (x-axis) and glucose CV 
(y-axis) measured within 120 days from baseline. The solid line is the line of best fit from linear regression 
analysis. The dashed band is the 95% confidence band of the line of best fit. (B) Fasting serum CPR levels are 
divided into three groups: < 0.1 ng/mL (low), > 0.1 ng/mL and < 0.6 ng/mL (moderate), and > 0.6 ng/mL (high). 
Glucose CV was measured within 120 days from baseline. Glucose CV among different levels of CPR groups 
was tested using the Jonckheere–Terpstra trend test. A trend toward lower glucose CV with higher serum CPR 
(p < 0.01) is noted. CPR C-peptide, CV coefficient of variation, R2 coefficient of determination.
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major factor contributing to glucose CV is residual beta-cell  function15–17. Wide variations in TIR and TAR in 
patients with low CPR (Fig. 4A,B) together with the inverse relationship between glucose CV and serum CPR 
(Fig. 5A,B) indicate the importance of residual β-cell function on glycemic control stabilization. Our data regard-
ing CGM-derived glucose CV are consistent with those of previous reports on the negative correlation between 
serum CPR and glucose variability assessed in pre-CGM  era15–17. It emphasizes the importance of residual CPR, 
which is reported to be associated with the progression of diabetes  complications20, on glycemic stability in type 
1 diabetes. Most Japanese patients with type 1 diabetes were reported to completely lose endogenous insulin 
during the disease  duration21; inversely most patients with long-duration type 1 diabetes in Western countries 
preserved endogenous insulin  levels22,23, and treatment to prevent CPR decline has been reported to inhibit the 
progression of diabetes complications in patients with residual  CPR24. Therefore, CGM-derived TBR and glucose 
CV together with CPR are essential metrics supplementing HbA1c in patients with type 1 diabetes, particularly 
in the Japanese population.

Average glucose, rather than other CGM-related metrics, exactly matched with HbA1c, particularly, in the 
CGM data collected from the last 60 days or more. CGM data collected “within 7 days” showed a significant but 
weaker relationship with HbA1c and average glucose than those from longer periods (Table 1). These results 
confirmed that HbA1c is an index for long-term monitoring of blood glucose and reflects mean glucose levels 
during the last 2 months, as reported  previously1,2. This study was designed to use CGM data only in patients with 
stable glycemic control with minimal changes in HbA1c during the 4 months before the baseline. Even then, a 
duration dependency was observed regarding the correlation between CGM-related metrics and HbA1c, shorter 
duration of CGM-derived data, weaker was the correlation with HbA1c. The correlation would be even weaker 
in case CGM-derived data are extracted from clinical trials or articles in which glycemic control changes due 
to interventions or treatments resulting in CGM-derived data reflecting short-term glycemic control changes 
much faster than HbA1c. In fact, only a moderate correlation was reported between CGM-related metrics and 
HbA1c with a correlation coefficient of 0.67–0.73 for TIR in 545 patients with type 1 diabetes from 4 randomized 
 trials11. From this point of view, previous studies on the relationship between HbA1c and CGM-related metrics 
and estimation of HbA1c from CGM-related metrics using short-term CGM data should be carefully interpreted.

Petersson et al. reported the relationship between HbA1c and CGM-related metrics, focusing on time in target 
range (TIT) defined as 70–140 mg/dL25; this is the first report to identify a nonlinear relationship between TIT 
and HbA1c in pediatric type 1 diabetes. However, in the same paper, there is a description of a linear analysis of 
TIT 30, 60, and 90 days and HbA1c. All of them showed significant correlations, but the correlation coefficients 
 (R2: 0.59–0.63) were lower than  R2 for TIR in the present study. These differences may be due to the difference 
in race (Japanese vs. Swedish), subjects (adults vs. children and adolescents), selection criteria (stable HbA1c 
population vs. general population), and CGM-metrics (TIR vs. TIT). The relationship between HbA1c and 
CGM-metrics relative to CGM duration, which is our main objective in the present study, is unknown because 
the relationship in shorter (7 days) and longer (120 days) CGM duration is not available in their study.

The main strength of this study is that it was specifically designed to test the correlation between CGM-
related metrics and HbA1c; it evaluated the accuracy of CGM-related metrics for different CGM measurement 
periods. Moreover, this is the first report on adult Japanese patients with type 1 diabetes, a population prone to 
insulin depletion.

This study had limitations. First, only a limited number of patients were eligible for investigation because we 
considered a study design for data collection to increase the accuracy of the results; herein, we selected for each 
patient the period with stable glycemic control with small changes in HbA1c. In addition, we excluded patients 
with clinical conditions unrelated to glycemia but affecting HbA1c levels, such as unstable blood hemoglobin 
values, gestational period, surgery, and diagnosis of malignant tumors. Due to the exclusion of subjects with these 
conditions, the results of the present study may not apply to patients with type 1 diabetes in general. Second, 
the relationship between HbA1c and average glucose was studied only with respect to CGM-derived glucose 
value, but not with laboratory-measured plasma glucose, as our study was performed under daily life condi-
tions. Considering the recent developments in CGM technology with improvement in sensor accuracy, the data 
obtained with CGM for real-life glucose in normal daily use provide information difficult to be obtained with 
the laboratory-measured glucose, under restricted settings such as hospitals. Third, as our patients use FreeStyle 
Libre, which has dual function, CGM and FGM, there may be biases based on patients’ habits. For example, when 
unexpected high or low glucose values were detected using FGM, patients willingly compensated their blood glu-
cose, leading to better than the expected TIR levels. Fourth, the analysis of the relationship between glucose CV 
and fasting serum CPR was performed using only univariate regression analysis because of the limited number 
of the subjects in this study. For this reason, the observed relationship can be indirect and secondary to other 
unknown factors. Although our data on CGM-derived glucose CV are consistent with those of previous reports 
of glucose variability estimated using different methods in pre-CGM  era15–17, further studies with larger number 
of participants are required to clarify the observed relationship with the consideration for other confounding 
factors. Fifth, although the relationship between glucose CV and TBR was detected in this study, the relationship 
may be overrated or underrated. This is because residual CPR may potentially affect both glucose CV and TBR. 
Additionally, Japanese patients with type 1 diabetes are known to be prone to CPR depletion.

In conclusion, this study provided evidence regarding the reliability of CGM-related metrics in adult Japa-
nese patients with type 1 diabetes in a usual daily life setting. TIR and TAR strongly correlated with HbA1c 
and complemented or even replaced HbA1c for short-term monitoring of blood glucose. While TIR, TAR, and 
HbA1c reflected mean blood glucose, TBR and glucose CV complemented the mean glucose-related metrics by 
reflecting hypoglycemia. The negative correlation between glucose CV and fasting CPR suggests the importance 
of residual β-cell function for stable glycemic control without hypoglycemia, in type 1 diabetes.
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Methods
Patients. Nineteen patients with type 1 diabetes who regularly visited the Kindai University Faculty of Medi-
cine (Osaka-sayama, Osaka, Japan) once a month for more than 5 months were included in the study, between 
December 2018 and December 2019. Patient characteristics are given in Table 2. All patients were adults (age 
range 30.5–75.8, mean ± SD 53.1 ± 15.2) with type 1 diabetes receiving multiple insulin injections or continuous 
subcutaneous insulin infusion. The protocols were approved by the Ethics Review Committee of the Kindai 
University Faculty of Medicine (approval number: 31-162), and informed consent was obtained from all partici-
pants. All methods were performed in accordance with the relevant guidelines and regulations.

Study design. Patients’ data were collected in their daily life settings. The patients at their visit to our hos-
pital, brought with them their FreeStyle Libre device (Abbott Japan Diabetes Care Inc., Tokyo, Japan), which is 
a flash glucose monitoring (FGM) system that has dual function, CGM and FGM. The FreeStyle Libre data were 
extracted and stored in a computer solely for this purpose. CGM measures every 15 min the interstitial fluid 
glucose and converts it to venous blood glucose; however, in FGM, glucose data are not constantly shown and 
are available only on demand. In this study, only CGM data were used for analysis.

Patients who met all of the following five criteria were included in the study: (1) stable HbA1c, which was 
defined as minimum difference in HbA1c levels for the past 4 months in each patient, and stable blood hemo-
globin levels in the past 4 months, (2) no gestational period, (3) no operations within the last 6 months and no 
planned operations, (4) no diagnosis for malignant tumors, (5) no clinical conditions unrelated to glycemia but 
affecting HbA1c levels, such as anemia, renal failure and liver cirrhosis. HbA1c at baseline and at 1 to 4 months 
before baseline is shown in Table 3. In our institution, about 200 patients with type 1 diabetes are provided 
treatment through regular outpatient clinic visits, and 26 patients used Freestyle Libre during the period of this 
study. Of these, 7 patients were excluded because of the following reasons: CGM data of less than 4 months were 
available, blood data were not available, and/or inclusion criteria were not met. Eventually, 19 patients were 
included in the analysis.

The CGM-related metrics were calculated, namely TIR (glucose 70–180 mg/dL), TAR (glucose ≥ 181 mg/dL), 
TBR (glucose ≤ 69 mg/dL), average glucose, glucose standard deviation (SD), and glucose CV for each patient 
using the CGM data within 120 days from baseline. Overall, 194,279 CGM values (average 10,225 per patient) 
were analyzed. In addition, we calculated CGM-related metrics based on CGM data closer to the baseline, “within 
90 days,” “within 60 days,” “within 30 days,” and “within 7 days” from baseline. The number of data analyzed and 
the percentage mounting time of CGM in the corresponding period are provided in Table 3. On an average, the 
percentage mounting time of CGM was over 84%.

In addition to the relationship between CGM-related metrics and HbA1c, the relationship between CGM-
related metrics and serum CPR was analyzed to study the effect of residual β-cell function on glycemic control, 
particularly fluctuation (glucose CV) and hypoglycemia (TBR).

Statistical analysis. Univariate linear regression was used to characterize the relationship between HbA1c 
and CGM-related metrics, and between fasting serum CPR and glucose CV. The relationship between the trend 
of fasting serum CPR improvement and glucose CV was analyzed using the Jonckheere–Terpstra trend test. Sta-
tistical tests were performed using GraphPad Prism (GraphPad software) or Bell Curve for Excel (Social Survey 
Research Information Co., Ltd.). P < 0.05 was considered statistically significant.

Received: 28 July 2020; Accepted: 4 February 2021

References
 1. Vigersky, R. A. Going beyond HbA1c to understand the benefits of advanced diabetes therapies. J. Diabetes 11, 23–31 (2019).
 2. Battelino, T. et al. Clinical targets for continuous glucose monitoring data interpretation: Recommendations from the international 

consensus on time in range. Diabetes Care 42, 1593–1603 (2019).
 3. Nathan, D. M. et al. The effect of intensive treatment of diabetes on the development and progression of long-term complications 

in insulin-dependent diabetes mellitus. N. Engl. J. Med. 329, 977–986 (1993).
 4. UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-glucose control with sulphonylureas or insulin compared with 

conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS 33). Lancet 352, 837–853 (1998).
 5. Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and Complications (EDIC) Study 

Research Group. Intensive diabetes treatment and cardiovascular outcomes in type 1 diabetes: The DCCT/EDIC study 30-year 
follow-up. Diabetes Care 39, 686–693 (2016).

 6. Riddle, M. C., Gerstein, H. C. & Cefalu, W. T. Maturation of CGM and glycemic measurements beyond HbA1c-A turning point 
in research and clinical decisions. Diabetes Care 40, 1611–1613 (2017).

 7. Maiorino, M. I. et al. Effects of continuous glucose monitoring on metrics of glycemic control in diabetes: A systematic review 
with meta-analysis of randomized controlled trials. Diabetes Care 43, 1146–1156 (2020).

 8. van Beers, C. A. et al. Continuous glucose monitoring for patients with type 1 diabetes and impaired awareness of hypoglycaemia 
(IN CONTROL): A randomised, open-label, crossover trial. Lancet Diabetes Endocrinol. 4, 893–902 (2016).

 9. Beck, R. W. et al. Validation of time in range as an outcome measure for diabetes clinical trials. Diabetes Care 42, 400–405 (2019).
 10. Lu, J. et al. Association of time in range, as assessed by continuous glucose monitoring, with diabetic retinopathy in type 2 diabetes. 

Diabetes Care 41, 2370–2376 (2018).
 11. Beck, R. W. et al. The relationships between time in range, hyperglycemia metrics, and HbA1c. J. Diabetes Sci. Technol. 13, 614–626 

(2019).
 12. Fabris, C., Heinemann, L., Beck, R., Cobelli, C. & Kovatchev, B. Estimation of hemoglobin A1c from continuous glucose monitor-

ing data in individuals with type 1 diabetes: Is time in range all we need?. Diabetes Technol. Ther. 22, 501–508 (2020).



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4006  | https://doi.org/10.1038/s41598-021-83599-x

www.nature.com/scientificreports/

 13. Vigersky, R. A. & McMahon, C. The relationship of hemoglobin A1C to time-in-range in patients with diabetes. Diabetes Technol. 
Ther. 21, 81–85 (2019).

 14. Bergenstal, R. M. et al. Racial differences in the relationship of glucose concentrations and hemoglobin A1c levels. Ann. Intern. 
Med. 167, 95–102 (2017).

 15. Fukuda, M. et al. Correlation between minimal secretory capacity of pancreatic beta-cells and stability of diabetic control. Diabetes 
37, 81–88 (1988).

 16. Gibb, F. W., McKnight, J. A., Clarke, C. & Strachan, M. W. J. Preserved C-peptide secretion is associated with fewer low-glucose 
events and lower glucose variability on flash glucose monitoring in adults with type 1 diabetes. Diabetologia 63, 906–914 (2020).

 17. Shibasaki, S., Imagawa, A., Terasaki, J. & Hanafusa, T. Endogenous insulin secretion even at a very low level contributes to the 
stability of blood glucose control in fulminant type 1 diabetes. J. Diabetes Investig. 1, 283–285 (2010).

 18. Toschi, E. et al. The relationship between CGM-derived metrics, A1C, and risk of hypoglycemia in older adults with type 1 diabetes. 
Diabetes Care 43, 2349–2354 (2020).

 19. Lu, J. et al. Glycemic variability modifies the relationship between time in range and hemoglobin A1c estimated from continuous 
glucose monitoring: A preliminary study. Diabetes Res. Clin. Pract. 161, 108032 (2020).

 20. Jeyam, A. et al. Clinical impact of residual C-peptide secretion in type 1 diabetes on glycemia and microvascular complications. 
Diabetes Care https ://doi.org/10.2337/dc232 0-0567 (2020).

 21. Uno, S. et al. Complete loss of insulin secretion capacity in type 1A diabetes patients during long-term follow up. J. Diabetes Investig. 
9, 806–812 (2018).

 22. Keenan, H. A. et al. Residual insulin production and pancreatic β-cell turnover after 50 years of diabetes: Joslin medalist study. 
Diabetes 59, 2846–2853 (2010).

 23. Oram, R. A. et al. The majority of patients with long-duration type 1 diabetes are insulin microsecretors and have functioning beta 
cells. Diabetologia 57, 187–191 (2014).

 24. Lachin, J. M., McGee, P., Palmer, J. P. & Group, D. E. R. Impact of C-peptide preservation on metabolic and clinical outcomes in 
the Diabetes Control and Complications Trial. Diabetes 63, 739–748 (2014).

 25. Petersson, J., Akesson, K., Sundberg, F. & Sarnblad, S. Translating glycated hemoglobin A1c into time spent in glucose target range: 
A multicenter study. Pediatr Diabetes 20, 339–344 (2019).

Acknowledgements
This study was supported by the Japan Society for the Promotion of Science, Grants-in-Aid for Scientific Research 
(JSPS KAKENHI) Grant Number JP17K09852, JP18K08493, JP18K08530. We thank Yayoi Kibayashi for her 
help. We thank Editage (www.edita ge.com) for English language editing.

Author contributions
N.B. collected and analyzed the data and drafted the manuscript. S.N., Y.H., Y.T., F.N., S.Y., S.Y., Y.K. contributed 
with data collection. H.I. contributed to the study concept and design and revised the writing of the paper. All 
authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-83599 -x.

Correspondence and requests for materials should be addressed to H.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.2337/dc2320-0567
http://www.editage.com
https://doi.org/10.1038/s41598-021-83599-x
https://doi.org/10.1038/s41598-021-83599-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Relationship of continuous glucose monitoring-related metrics with HbA1c and residual β-cell function in Japanese patients with type 1 diabetes
	Results
	Discussion
	Methods
	Patients. 
	Study design. 
	Statistical analysis. 

	References
	Acknowledgements


