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ARTICLE HIGHLIGHTS

� Why did we undertake this study?
Residual b-cell function, measured by urinary C-peptide-to-creatinine ratio (UCPCR), is associated with better CGM-derived metrics and a lower
daily insulin dose.

� What is the specific question we wanted to answer?
More residual b-cell function is associated with up to 27% longer time in range in the highest secretor group relative to the nonsecreting group.

� What did we find?
More residual b-cell function is associated with higher fasting glucagon levels, and a higher glucagon/glucose ratio was associated with longer time
in range, but this association depended on the UCPCR.

� What are the implications of our findings?
More residual b-cell function is associated with a lower prevalence of retinopathy independently of duration, age, and sex.
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OBJECTIVE

Little is known about the influence of residual islet function on glycemic control in
type 1 diabetes (T1D). We investigated the associations between residual b-cell
function and metrics of continuous glucose monitoring (CGM) in individuals with
T1D.

RESEARCH DESIGN AND METHODS

In this cross-sectional cohort comprising 489 individuals (64% female, age 41.0 ± 14.0
years), T1D duration was 15.0 (interquartile range [IQR] 6.0–29.0) years. Individuals
had a time in range (TIR) of 66% (IQR 52–80%) and a urinary C-peptide-to-creatinine
ratio (UCPCR) of 0.01 (IQR 0.00–0.41) nmol/mmol. To assessb-cell function, wemea-
sured UCPCR (detectable >0.01 nmol/mmol), and to assess a-cell function, fasting
plasma glucagon/glucose ratios were measured. CGM was used to record TIR
(3.9–10 mmol/L), time below range (TBR) (<3.9 mmol/L), time above range (TAR)
(>10 mmol/L), and glucose coefficient of variance (CV). For CGM, 74.7% used Free-
Style Libre 2, 13.8% Medtronic Guardian, and 11.5% Dexcom G6 as their device.

RESULTS

The percentage of patients with T1D who had a detectable UCPCR was 49.4%. A
higher UCPCR correlated with higher TIR (r = 0.330, P < 0.05), lower TBR (r =20.237,
P < 0.05), lower TAR (r = 20.302, P < 0.05), and lower glucose CV (r = 20.356, P <
0.05). A higher UCPCR correlated negatively with HbA1c levels (r =20.183, P < 0.05)
and total daily insulin dose (r =20.183, P < 0.05). Glucagon/glucose ratios correlated
with longer TIR (r = 0.234, P < 0.05).

CONCLUSIONS

Significantly longer TIR, shorter TBR and TAR, and lower CV were observed in individ-
uals with greater UCPCR-assessed b-cell function. Therefore, better CGM-derived
metrics in individuals with preserved b-cell function may be a contributor to a lower
risk of developing long-term complications.

Currently, 8.4 million people worldwide live with type 1 diabetes (T1D), and the in-
cidence of T1D is predicted to triple in the next 20 years (1). Despite technological
advancements that improve T1D management, life expectancy of individuals with
T1D is still greatly reduced, from 11 years in high-income countries up to 47 years
in low-income countries (1,2). Nevertheless, a substantial proportion of individuals
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with T1D maintains long-term residual
b-cell function, which is associated with
fewer complications and less frequent se-
vere hypoglycemia (3,4). Therefore, resid-
ual b-cell function is a major prognostic
factor in T1D for good outcomes, yet its
precise contribution to the pathogenesis
of long-term complications is uncertain.
One plausible mechanism is that more
residual b-cell function improves daily
glycemic control, resulting in fewer hypo-
and hyperglycemic excursions and less
glucose variability (5).
Through the increased implementation

of real-time continuous glucose monitor-
ing (RT-CGM) and intermittently scanned
CGM (IS-CGM) devices, there is a growing
appreciation for glucose fluctuations and
CGM-derived metrics as indicators of gly-
cemic control. At present, little is known
about whether residual b-cell function af-
fects CGM-derived metrics. A better un-
derstanding of the contribution of residual
b-cell function to CGM-derived metrics,
such as time below range (TBR), time in
range (TIR), time above range (TAR), and
glucose coefficient of variance (CV), may
lead to a more personalized approach to
diabetes care.
Additionally, residual b-cell function may

contribute to preservation of a-cell gluca-
gon response, as T1D disrupts the feedback
loop between glucagon and insulin produc-
tion (3). This may improve glycemic control,
as preserved hypoglycemia-induced gluca-
gon secretion may reduce the risk of hypo-
glycemia and thus improve TIR.
To address these critical knowledge

gaps, we investigated the associations be-
tween residual b-cell function, estimated
using a postmeal urinary C-peptide-
to-creatinine ratio (UCPCR) (6), and CGM-
derived metrics, as recorded by patients’
own RT-CGM and IS-CGMdevice, in a large
Dutch cohort of individuals with T1D with
varying duration of disease. Furthermore,
we investigated whether fasting glucagon
levels were associated with markers of
CGM-derived metrics independent of
b-cell function.

RESEARCH DESIGN AND METHODS

Data were collected within the framework
of the cross-sectional GUTDM1 cohort in
the Netherlands. This study focuses on the
association between the gut microbial and
immunological determinants of residual
b-cell function in T1D. All participants pro-
vided written informed consent before

enrollment, and all investigations were
performed in accordance with the Declara-
tion of Helsinki. This study was approved
by the local medical ethics committee of
Amsterdam University Medical Center
(METC 2020_105).

Patient Recruitment
Five hundred individuals with T1D partici-
pated in the GUTDM1 cohort. Participants
were recruited in the greater Amsterdam re-
gion and included if they were>18 years of
age at any duration of disease and excluded
if they took antibiotics, had an infection, or
had a total colectomy 3 months prior to the
study visit. Study visits took place in the Am-
sterdam University Medical Center between
December 2020 and September 2022. T1D
was established in all participants prior to
participation using the European Association
for the Study of Diabetes/American Diabetes
Association guidelines. Antibody testing was
repeated during the study visit (7,8). Of the
500 participants, 489 were eligible and in-
cluded in themain analysis. Of the excluded
participants, one was misclassified as hav-
ing T1D, six had missing UCPCR data, and
four cases had missing CGM data (Fig. 1).

Data Collection
The day before the study visit, participants
completed standardized questionnaires

regarding their general health and diabetes
characteristics (i.e., duration of diabetes,
medication use, type of RT-CGM/IS-CGM
device, complications of diabetes, daily
insulin dose). Complications were self-
reported based on validated questionnaires
for retinopathy, neuropathy, and cardiovas-
cular disease (CVD) (9–11). CVD was de-
fined as myocardial infarction, ischemic
stroke, or symptomatic peripheral arterial
disease.

On the day of the visit, participants pro-
vided a urine sample for the UCPCR mea-
surement and CGM reports, and blood
pressure, height, and weight were mea-
sured. Fasted blood samples were col-
lected on ice to measure glucagon, HbA1c,
lipids, and kidney and liver function and
stored at �80�C until further analysis.
Prior to sample collection, participants
received instructions by phone, and
paper and digital instruction pamphlets
were provided. Participants were instructed
to empty their bladder before the meal
and collect a urine sample in a boric acid
tube 2 h after their largest meal of the
day.

RT-CGM/IS-CGM–Derived Metrics
and Insulin Administering Devices
All participants used either a CGM or at
least a second-generation IS-CGM (types

Figure 1—Inclusion flowchart of 489 participants with CGM-derived metrics and UCPCR data;
451 participants had a valid glucagon ELISA.
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used included in Table 1), as reimbursed
per standard care in the Netherlands. Par-
ticipants recorded their RT-CGM/IS-CGM
data 14 days prior to the study visit and
were required to have >90% sensor acti-
vation during these 14 days. TBR, TIR, and
TAR were calculated using the respective

algorithms of the RT-CGM/IS-CGM pro-
viders and defined as percentage of TIR
(glucose concentrations of 3.9–10 mmol/L),
TAR (>10mmol/L), and TBR (<3.9 mmol/L)
in line with guidelines (7). The algorithm
of the sensor generated the glucose CV. In
this cohort, participants used different

methods of administering insulin with ei-
ther insulin pen, manually adjusted pump,
predictive low-glucose suspend pump, hy-
brid closed-loop, or do-it-yourself closed-
loop therapy. The use of these devices
was self-reported and are included in
Table 1.

Table 1—Patient characteristics

Characteristic Undetectable UCPCR Low UCPCR Intermediate UCPCR High UCPCR P

Participants (n) 241 91 54 103

Male sex (%) 38.2 36.3 42.6 29.1 0.311

Age (years) 44 (30.0–54.0) 39.0 (27.0–52.5) 45.0 (29.5–56.0) 34.0 (25.5–48.0) 0.003

BMI (kg/m2) 25.0 (23.2–28.3) 25.0 (23.0–27.7) 24.8 (22.7–27.1) 23.2 (21.1–25.1) <0.001

Duration of T1D (years) 25.0 (17.0–36.0) 12.0 (6.0–23.0) 10.0 (4.25–14.0) 3.0 (1.0–7.0) <0.001

Age of T1D onset (%) <0.001

<10 years 34.4 9.9 1.9 0.0
10–25 years 45.2 47.3 40.7 35.9
>25 years 20.3 42.9 57.4 64.1

TIR (%) 60.0 (48.0–75.0) 64.0 (51.0–75.0) 67.5 (52.5–84.1) 87.0 (65.5–94.0) <0.001

TAR (%) 35.0 (21.0–49.0) 34.0 (21.0–45.0) 29.50 (11.3–43.5) 11.0 (6.0–31.5) <0.001

TBR (%) 2.0 (1.0–5.0) 3.0 (1.0–5.0) 2.0 (1.0–4.8) 1.0 (0.0–1.1) <0.001

Glucose CV (%) 36.0 ± 7.7 36.0 ± 6.0 34.0 ± 7.7 27.7 ± 7.0 <0.001

Fasting C-peptide (nmol/L) 0.05 (0.05–0.05) 0.05 (0.05–0.05) 0.07 (0.05–0.12) 0.17 (0.13–0.26) <0.001

HbA1c (mmol/mol) 56.8 ± 11.3 56.9 ± 12.8 53.4 ± 9.7 52.7 ± 14.1 0.013

Fasting glucose (mmol/L) 8.8 (7.2–11.4) 8.80 (7.3–11.9) 7.65 (6.0–10.1) 7.3 (6.0–9.6) <0.001

UCPCR (nmol/mmol) — 0.06 (0.01–0.11) 0.38 (0.24–0.45) 1.22 (0.88–2.06) <0.001

Fasting glucagon (pmol/L) 2.95 (1.87–4.53) 3.61 (2.08–5.64) 3.90 (2.71–6.19) 4.34 (2.52–7.39) <0.001

Glucagon/glucose ratio (pmol/mmol) 0.31 (0.22–0.53) 0.40 (0.22–0.64) 0.53 (0.33–0.88) 0.57 (0.36–0.92) <0.001

Sensor type (%) <0.001

Dexcom G6 12.2 10.6 14.8 8.3
FreeStyle Libre 2 67.6 76.5 83.3 86.5
Medtronic Guardian 20.2 12.9 1.9 5.2

Insulin pump

None 76.7 61.1 40.7 39.0 <0.001
Manual 14.6 33.3 42.9 34.0
Predictive low-glucose suspend 0.0 0.0 0.0 2.1
Hybrid closed-loop 6.8 1.9 13.2 20.3
DIY closed-loop 1.9 3.7 3.3 4.6

Daily insulin dose (units/day) 42.8 (30.8–56.0) 35.9 (25.4–52.5) 38.9 (29.3–53.1) 26.0 (15.4–35.8) <0.001

Smoker (%) 9.5 13.2 9.3 7.8 0.638

Alcohol (units/day) 0.3 (0.0–0.9) 0.1 (0.0–1.0) 0.3 (0.0–1.0) 0.3 (0.0–0.9) 0.924

Any comedication (%) 46.5 44.0 44.4 36.9 0.439

ACR (units) 0.5 (0.0–1.0) 0.4 (0.0–0.70) 0.0 (0.0–0.8) 0.25 (0.0–0.83) 0.011

Retinopathy (%) 51.5 25.6 14.8 6.8 <0.001

CVD (%) 22.4 14.3 9.3 13.5 0.041

Systolic BP (mmHg) 131.4 ± 16.5 130.3 ± 18.4 128.6 ± 13.7 124.7 ± 17.7 0.007

eGFR* 105.6 (92.8–117.9) 99.8 (86.6–111.8) 103.7 (92.2–115.2) 110.4 (97.2–120.4) 0.234

Data are mean ± SD or median (IQR) unless otherwise indicated. Values of UCPCR are defined as undetectable (<0.01 nmol/mmol), low
(0.01–0.2 nmol/mmol), intermediate (0.2–0.6 nmol/mmol), or high (>0.6 nmol/mmol). ACR, albumin-to-creatinine ratio; BP, blood pressure;
DIY, do it yourself; eGFR, estimated glomerular filtration rate. *By Chronic Kidney Disease Epidemiology Collaboration equation.
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UCPCRs
We measured UCPCR by electrochemilu-
minescence immunoassay analyzed using
the Roche P800 platform as a noninva-
sive, well-validated marker of C-peptide
production in T1D (expressed in nano-
moles per millimole) (12). The urine was
stably kept at room temperature in a bo-
ric acid tube for a maximum of 24 h (6)
before the study visit and subsequently
stored at �80�C until analysis. The analy-
sis of the UCPCR was performed in the
biochemistry department at the Royal
Devon and Exeter National Health Service
Foundation Trust (6). To assess b-cell func-
tion, the following cutoff values for UCPCR
were used as recommended by the Exeter
laboratory: undetectable (detection limit
<0.01 nmol/mmol), low (<0.2 nmol/
mmol), intermediate (>0.2 to <0.6 nmol/
mmol), and high (>0.6 nmol/mmol) (13).

Laboratory Analysis
HbA1c was measured in fasted peripheral
blood during the study visit, along with the
lipid spectrum (including total cholesterol,
LDL cholesterol, HDL cholesterol, and trigly-
cerides), kidney function, and liver bio-
chemistry. Fasting C-peptide, anti-GAD, and
anti-IA2 were measured at the laboratory
of endocrinology of the Amsterdam Uni-
versity Medical Center hospital. Fasting
plasma glucagon was measured with a
human glucagon ELISA kit (10-1271-01;
Mercodia). The detection limit for fasting
plasma glucagon was<1.5 pmol/L. Forty-
nine participants had missing glucagon
data. To account for the suppression of
glucagon levels by plasma glucose levels,
a plasma glucagon/glucose ratio was
calculated.

Statistical Analysis
Statistical analysis was performed using
the epitools and lme4 package in RStudio
version 4.2.1. To assess whether clinical
characteristics differed across the UCPCR
categories linearly, a x2 test, Kruskal-Wallis
rank sum test, or ANOVA was performed,
as appropriate. UCPCR remained not nor-
mally distributed even after log transfor-
mation. Therefore, Spearman correlations
were calculated for UCPCR in relation to
TIR, TBR, TAR, HbA1c, glucose CV, total
daily insulin dose, and glucagon/glucose
ratio. Undetectable values of UCPCR were
categorized as 0 and included in the analy-
sis. To visualize the linear trend of the uni-
variable analysis, UCPCR categories were
used. UCPCR was included as a continuous

variable in the multivariable models to
maintain optimal statistical power. When
fitting a linear regression model, the re-
siduals for TIR, TAR, and TBR were not
normally distributed. Therefore, we used
logistic regression and TIR as a binary vari-
able by the cutoff of 70% in range, which
is used as the target TIR in clinical practice
(14). For TBR and TAR, the international
consensus for TBR <4% and TAR >25%
were used (15). HbA1c and glucose CV
were normally distributed and analyzed
in a linear regression model. After crude
analyses (model 1), we adjusted for the
covariates sex, age, and duration of T1D
in model 2. In model 3, we further ad-
justed for total daily insulin dose. In
model 4, we further adjusted for the
method of insulin administration. Subse-
quently, in model 5, we further adjusted
for BMI. To investigate sex differences, we
added an interaction term to model 4
(sex * UCPCR or glucagon/glucose ratio)
to avoid overadjustment for BMI. To per-
form a logistic regression analysis be-
tween albuminuria and UCPCR, we also
used the median of the albumin-to-
creatinine ratio in our set (0.37mg/mmol),
as only 6.4% of the participants had albu-
minuria >3 mg/mmol. All tests were
double-sided, and P < 0.05 was consid-
ered statistically significant.

Data and Resource Availability
The data sets generated and/or analyzed
during the current study are not publicly
available because of Dutch data and pri-
vacy regulations but are available from
the corresponding author upon reason-
able request.

RESULTS

Characteristics of the Study
Population
Overall, the mean age of the GUTDM1
cohort was 41.0 ± 14.0 years, 64% were
female, and the median BMI was 24.6
(interquartile range [IQR] 22.6–27.4) kg/m2.
The participants had a median T1D dura-
tion of 15.0 (IQR 6.0–29.0) years and a
mean HbA1c of 55.6 ± 12 mmol/mol. Indi-
viduals had an average insulin dose of
36.7 (IQR 27.0–2.0) units/day, and 49.5%
used an insulin pump. Regarding CGM-
derived metrics, individuals had a me-
dian TIR of 66% (IQR 52–80%), TBR of 2%
(IQR 1.0–4.0%), and TAR of 29% (IQR
16.0–45.0%) and a mean glucose CV of
34.0 ± 7.9%.

Prevalence of Detectable UCPCR and
Fasting Glucagon Levels
The study characteristics stratified byUCPRC
status are shown in Table 1. The median
UCPCR of the total population was 0.03
(IQR 0.00–0.88) nmol/mmol, with 49.4%
having a detectable UCPCR. Participants
with a lower UCPCRwere, on average, older
and had a longer duration of T1D and a
higher BMI (Table 1). Overall, participants
with a high UCPCR showed an association
with significantly lower rates of self-
reported retinopathy, CVD, and lower
albumin-to-creatinine ratio (Table 1).
These associationswere attenuated after ad-
justment for duration of T1D and remained
significant for retinopathy (odds ratio [OR]
0.29 [95% CI 0.10–0.67]), while associations
with prior CVD (OR 1.12 [95% CI 0.70–1.56])
or albumin-to-creatinine ratio (OR 0.83 [95%
CI 0.63–1.07]) and UCPCR were no longer
significant. Median overall fasting glucagon
levels were 3.47 (IQR 2.09–5.44) pmol/L,
and 86.5% of participants had fasting glu-
cagon levels above the detection limit.
Participants with a detectable UCPCR had
significantly higher fasting glucagon levels
and higher glucagon/glucose ratios (Table 1).

Univariable Associations Between
More Residual b-Cell Function and
Better Glycemic Control
Figure 2 shows box plots of the associa-
tions between residual b-cell function as
estimated by categories of UCPCR and pa-
rameters of daily glycemic control. TIR
was higher as UCPCR increased, while a
higher UCPCR was associated with signifi-
cantly shorter TBR and TAR and lower glu-
cose CV. In line, we observed significant
correlations between a higher UCPCR
when expressed on a continuous scale,
and longer TIR (r = 0.330, P< 0.05), shorter
TBR (r = �0.237, P < 0.05), lower glucose
CV (r =�0.356, P< 0.05), and shorter TAR
(r = �0.302, P < 0.05) . Furthermore, a
higher UCPCR correlated with lower HbA1c
levels (r =�0.183, P< 0.05) and lower to-
tal daily insulin dose (r = �0.183, P <
0.05).

Multivariable Associations Between
UCPCR and Markers of Glycemic
Control
A higher UCPCR (crude analyses, model 1)
was associated with longer TIR (Table 2).
When adjusting for the cofounders age,
sex, T1D duration, and BMI (model 2), the
association between UCPCR and TIR
persisted and tended to be stronger.

diabetesjournals.org/care Fuhri Snethlage and Associates 1117

https://diabetesjournals.org/care


***

***

B

***
D

***

***

E

HG

***
***

***

F

A

C
IntermediateLow HighUndetectable

Tim
e b

elo
w 

Ra
ng

e (
%

)

Tim
e a

bo
ve

 R
an

ge
 (%

)

UCPCR (pmol/nmol)
IntermediateLow HighUndetectable

UCPCR (pmol/nmol)

IntermediateLow HighUndetectable
UCPCR (pmol/nmol)

IntermediateLow HighUndetectable
UCPCR (pmol/nmol)

GC
V 

(%
)

IntermediateLow HighUndetectable
UCPCR (pmol/nmol)

Da
ily

 In
su

lin
 do

se
 (u

nit
s/d

ay
)

Hb
A 1

c (
mm

ol/
mo

l) 

IntermediateLow HighUndetectable
UCPCR (pmol/nmol)

IntermediateLow HighUndetectable
UCPCR (pmol/nmol)

Gl
uc

ag
on

 (p
mo

l/L
)

IntermediateLow HighUndetectable
UCPCR (pmol/nmol)

Gl
uc

ag
on

 to
 gl

uc
os

e r
ati

o (
pm

ol/
mm

ol)
 

0

5

10

15

20

0

5

10

15

20

0

25

50

75

100

0

25

50

75

100

20

40

60

20

40

60

80

100

120

0

50

100

150

0

1

2

3

4

5

Tim
e i

n R
an

ge
 (%

)

Figure 2—Box plot visualization of residual b-cell function by categories of UCPCR and TIR (A), TBR (B), TAR (C), glucose CV (GCV) (D), total daily in-
sulin dose (E), HbA1c (F), glucagon (G), and glucagon/glucose ratio (H) (16). UCPCR values are defined as undetectable (<0.01 nmol/mmol), low
(0.01–0.2 nmol/mmol), intermediate (0.2–0.6 nmol/mmol), and high (>0.6 nmol/mmol).
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After further adjusting for total daily insu-
lin dose, the association remained signifi-
cant between UCPCR and TIR (model 3).
Additional adjustment for type of insulin
administration strengthened the associa-
tion (model 4). Sex did not interact with
the association between UCPCR and TIR
(P = 0.95).
Associations between UCPCR and TAR,

glucose CV, and HbA1c are depicted in
Table 2 and were consistent between
higher UCPCR and better glycemic control.
The associations did not differ between
men and women (all P > 0.05). Higher
UCPCR levels were also associatedwith less
TBR, but we found a significant interaction
of UCPCRwith sex (P = 0.04).Therefore, we
stratified the analysis by sex and found that
the associations between UCPCR and TBR
in model 3 were significant in both men
and women (OR 0.19 [95% CI 0.07–0.41])
and 0.55 [95% CI 0.36–0.80], respec-
tively). Adjustment for type of CGM device
used did not alter the associations be-
tween UCPRC and any of the CGM-derived
metrics (data not shown).

Associations Among Fasting
Glucagon, Glucagon/Glucose Ratio,
and Markers of CGM-Derived Metrics
Statistically Depend on Residual
b-Cell Function
To account for the suppressive effect of
plasma glucose levels on glucagon levels,

glucagon/glucose ratios were calculated,
and negative confounding from plasma
glucose levels in the association between
glucagon levels for glucose CV and HbA1c
was indeed observed (Supplementary
Table 1). A higher UCPCR correlated with a
higher glucagon/glucose ratio (r = 0.304,
P< 0.05). High glucagon/glucose ratio cor-
related with significantly longer TIR (r =
0.234, P< 0.05), shorter TAR (r =�0.230,
P < 0.05), lower HbA1c (r = �0.232, P <
0.05), and higher CV (r = 0.176, P < 0.05).
A higher glucagon/glucose ratio correlated
also with lower fasting plasma glucose lev-
els (r =�0.403, P< 0.05). Regression anal-
yses for glucagon/glucose ratio and TIR,
TBR, TAR, glucose CV, and HbA1c are de-
picted in Table 2 and show that a lower
glucagon/glucose ratio was associated with
better markers of CGM-derived metrics, ex-
cept TBR in models 1, 2, and 3. However,
the associations between glucagon/glucose
ratio and TIR were no longer significant in
a logistic regression model additionally
adjusted for UCPCR (OR 0.96 [95% CI
0.90–1.03]). Conversely, when we adjusted
the association between UCPCR and TIR in
model 1 for glucagon/glucose ratio, we
found that UCPCR remained significant (OR
2.27 [95% CI 1.65–3.25]) and was largely
unaltered. This observation was consistent
for TBR, TAR, and glucose CV (data not
shown), while the association between
HbA1c and UCPCR became weaker after

adjustment for glucagon/glucose ratio (b =
�1.34 [95% CI�2.73 to 0.05]).

CONCLUSIONS

We investigated how residual b-cell func-
tion, as measured by postmeal UCPCR,
impacts commonly used CGM-derived
metrics and found associations between
residual b-cell function and longer TIR,
shorter TAR, and shorter TBR. Addition-
ally, we observed residual b-cell function
to be associated with lower HbA1c and
lower glucose CV. Finally, residual b-cell
function was associated with higher gluca-
gon levels, and a higher fasting glucagon/
glucose ratio was associated with longer
TIR, but this association disappeared after
adjustment for UCPCR.

Previous studies have investigated the
importance of residual b-cell function in
T1D, as measured bymixed-meal tolerance
test, for maintaining glycemic control as
measured by HbA1c (15–17). Although the
literature on this topic is not consistent,
overall, these publications have shown a
moderate inverse association between re-
sidual b-cell function and HbA1c. Residual
b-cell function has also been linked to a
decrease in total daily insulin dose (16,18).
Furthermore, some smaller studies that in-
cluded highly selected patient populations
have investigated the association between
residual b-cell function and TIR (19–21),
with one study demonstrating a correlation

Table 2—Associations among UCPCR, fasting glucagon/glucose ratio, and markers of glycemic control

OR (95% CI) b (95% CI)

TIR (>70%) TBR (>4%) TAR (>25%) CV (%) HbA1c (mmol/mol)

Model 1
UCPCR 2.13 (1.59–2.95) 0.52 (0.42–0.65) 0.45 (0.32–0.60) �3.43 (�4.26 to �2.59) �1.93 (�3.24 to �0.63)
Glucagon/glucose ratio 1.75 (1.11–2.86) 1.32 (0.84–2.10) 0.50 (0.31–0.80) �1.91 (�3.69 to 0.13) �5.39 (�7.91 to �2.88)

Model 2

UCPCR 2.24 (1.60–3.26) 0.50 (0.31–0.76) 0.47 (0.32–0.65) �3.01 (�3.93 to �2.09) �1.94 (�3.40 to �0.48)
Glucagon/glucose ratio 1.66 (1.04–2.74) 1.41 (0.87–2.27) 0.57 (0.34–0.90) �1.27 (�3.02 to 0.49) �5.25 (�7.81 to �2.70)

Model 3

UCPCR 1.99 (1.42–2.89) 0.52 (0.32–0.79) 0.52 (0.36–0.73) �2.71 (�3.63 to �1.79) �1.53 (�3.00 to �0.06)
Glucagon/glucose ratio 1.68 (1.05–2.83) 1.44 (0.90–2.32) 0.57 (0.33–0.91) �1.35 (�3.07 to 0.36) �5.25 (�7.78 to �2.73)

Model 4

UCPCR 2.41 (1.75–3.45) 0.46 (0.29–0.68) 0.40 (0.28–0.55) �3.55 (�4.42 to �2.70) �2.38 (�3.72 to �1.04)
Glucagon/glucose ratio 1.80 (1.13–2.99) 1.36 (0.86–2-18) 0.50 (0.30–0.81) �1.77 (�3.55 to 0.00) �5.61 (�8.13 to �3.10)

Model 5

UCPCR 1.89 (1.31–2.83) 0.52 (0.35–0.74) 0.55 (0.37–0.80) �2.61 (�3.73 to �1.48) �1.72 (�3.51 to 0.06)
Glucagon/glucose ratio 1.68 (0.95–1.06) 1.22 (0.78–1.96) 0.51 (0.30–0.85) �1.17 (�2.88 to 0.55) �5.34 (�7.88 to �2.80)

Depicted are logistic regression models of UCPCR or glucagon/glucose ratio and TIR, TBR, and TAR. HbA1c and glucose CV were analyzed using
a linear regression model. Model 1 is the unadjusted analyses. Model 2 is adjusted for sex, age, and duration of T1D. Model 3 is further ad-
justed for the total daily insulin dose in units. Model 4 is further adjusted for type of insulin-administering device (entered as dummy varia-
bles for manual, predictive low-glucose suspend, hybrid closed-loop, or do-it-yourself closed-loop insulin pump, with insulin pen use acting as
the reference category). Model 5 was adjusted for BMI.
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between fasted C-peptide and CGM-
derived metrics (20). Our findings are in
line with a group in the U.S. that found an
association between residual b-cell func-
tion as estimated by mixed-meal test and
CGM-derived metrics in a small and
highly selected group of participants (21).
In addition, in recently diagnosed T1D, an
association between higher C-peptide lev-
els and lower glucose CV was found (19).
Our study provides a potentially more ac-
curate estimate of residual b-cell function
by using the postmeal UCPCR, which cor-
relates well with gold-standard mixed-
meal–stimulated C-peptide levels (22).
Moreover, our study provides a larger
sample size spanning the full duration of
T1D, and we adjusted for potential con-
founders, including a broad range of the
modern insulin delivery systems.

Further underlining the relevance of
preserved b-cell function, we observed
strong associations between UCPCR and
retinopathy, independently of T1D dura-
tion, sex, and age. However, associations
between UCPCR and prior CVD or albu-
minuria were no longer significant after
adjustment. Because of the cross-sectional
nature of this analysis, (very) low preva-
lence of these complications in our cohort,
and prior findings in the Diabetes Compli-
cations and Control Trial (DCCT) (5) that
preserved b-cell function is associated
with a lower incidence of complications
overall, we believe that these associa-
tions are potentially underestimated and
should be interpreted carefully.

We reveal an association among UCPCR,
glucagon/glucose ratios, and CGM-derived
metrics in patients with T1D. CGM-derived
metrics are increasingly used as the basis
for diabetes care, and our findings highlight
the importance of hormonal pancreatic
function in the compilation of glycemic
control. Although the associations among
UCPCR, glucagon/glucose ratios, and glyce-
mic control were attenuated after adjust-
ing for daily insulin dose, they did not
disappear. This may suggest that despite
optimal exogenous insulin therapy, find-
ing ways to preserve b-cell function is
likely still beneficial. In addition, if b-cell
function preserves adequate glucagon re-
sponse to blood glucose levels, this may
make it easier for people with T1D to reg-
ulate their glucose levels. Furthermore,
our study provides an important rationale
for including CGM-derived metrics as clin-
ical outcome measures in trials aimed at

improving and/or preserving b-cell func-
tion in T1D.

The association between UCPRC and
CGM-derived metrics does not seem to
be mediated by type of insulin delivery
system since UCPRC was still significantly
associated with glycemic control and CGM-
derived metrics even after adjustment for
type of insulin administering device (if
any), and these associations were, in fact,
strengthened. This suggests that in the fu-
ture, physicians may consider switching to
more automated methods of insulin deliv-
ery for patients with less residual b-cell
function, as these methods may provide
better glycemic control. Although our cohort
used a broad range of insulin-delivering
modes, we did not have the statistical
power to address whether any of these
subtypes of insulin delivery modified the
associations between UCPCR and CGM-
derived metrics.

Our study reveals that the fasting glu-
cagon/glucose ratio is associated with lon-
ger TIR, as well as the other major CGM-
derived metrics. The associations between
glucagon/glucose ratio and TIR completely
disappeared after adjustment for UCPCR,
indicating that b-cell function may be an
important agent in mediating this associa-
tion. Because the glucagon/glucose ratio
partly reflects changes in fasting plasma
glucose, we believe that the present associ-
ations between glucagon/glucose ratio and
glucose metrics should be interpreted with
caution.

One possible mechanism for the asso-
ciation between disrupted fasting gluca-
gon/glucose ratios and TAR found in our
study could be the disruption of the para-
crine interplay between insulin and gluca-
gon. Dysfunction of this feedback loop in
T1D has long been thought to disrupt he-
patic gluconeogenesis and glycogenolysis.
Diabetes usually presents with hyperglu-
cagonemia in every form, leaving the liver
unable to downregulate glucose produc-
tion, thus prolonging time spent in hyper-
glycemia (2). Additionally, as the glucose
dose response of glucagon appears to be
individually different (23), it might be ex-
pected that postprandial glucagon is asso-
ciated more strongly with TAR (24). This
needs further investigation because it is
beyond the scope of our current work.
The hypothesis-generating observation that
the association between glucagon/glucose
ratio and TIR depends on the UCPCR is
particularly important with the emergence
of potential dual-hormone closed-loop

systems (e.g., the bionic pancreas), where
the utility of glucagon in these systems is de-
bated because of its limited availability
and short shelf life.

This study has some limitations. First,
because of the cross-sectional design, it is
impossible to make claims of causality.
However, preserved b-cell function most
like has a positive impact on glycemic con-
trol and not vice versa, as a recent study
showed that tight glycemic control does
not preserve b-cell function (16). Second,
although the UCPCR is a well-validated
and, most importantly, noninvasive as-
sessment for b-cell function suited for
large cohort studies, it is not considered
as gold standard for measuring b-cell
function. Therefore, we cannot exclude
that in the current study, we are underes-
timating the contribution of b-cell func-
tion to CGM-derived metrics and HbA1c.
Participants used their own CGM device
for this study, and the type of CGM device
was preselected by their primary physi-
cian. However, no obvious changes in any
of the associations were observed when
correcting for type of RT-CGM/IS-CGM
used (data not shown). Finally, in the
Netherlands, individuals with inadequate
glycemic control generally have access to
more devices through their insurance,
such as hybrid closed-loop systems or cali-
brated pump sensor combinations. It is
notable that participants with less b-cell
function more often use pumps, but did
not obtain a better TIR, suggesting that
the association between TIR and UCPCR
may be further underestimated in this
cohort of individuals with access to ad-
vanced tools of diabetes management.
Nonetheless, we still believe that this ob-
servation further strengthens the con-
cept that b-cell function contributes to a
lower burden of complications through
better daily control, as we found strong
and consistent associations with both these
parameters.

In conclusion, UCPCR is associated
with a longer TIR, shorter TBR, shorter
TAR, lower glucose CV, and lower HbA1c
levels in individuals with T1D. Beneficial
effects of b-cell and a-cell preservation
in T1D may therefore be attributable to
less intermittent glucotoxicity and fewer
hypoglycemic episodes. These data help
us to appreciate that CGM metrics are
at least in part influenced by residual
endocrine function and are not a reflec-
tion of compliance alone, arguing for the
incorporation of CGM-derived metrics in
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new trials directed at improving b-cell
and a-cell function in T1D.
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