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Novelty statement

What is already known? People living with type 1 diabetes have altered insulin sensitivity (IS) even with 

similar BMI as healthy peers. Partial remission associates with improved IS years after diagnosis but little 

is known about the role of IS during the partial remission phase.

What this study has found Differences in IS are present in partial remission phase and a group of children 

and adolescents have lower IS and a shorter time in partial remission.  

What are the clinical implications of the study? The children and adolescents with low IS could 

potentially benefit from individualized interventions to improve IS.
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Abstract 

Aims. Studies suggest that Type 1 Diabetes (T1D) contributes to impaired insulin sensitivity (IS). Most 

children with T1D experience partial remission but the knowledge regarding the magnitude and 

implications of impaired IS in this phase is limited. Therefore, we investigate the impact of IS on the 

partial remission phase.

Methods. In a longitudinal study of children and adolescents, participants were seen at three clinical visits 

during the first 14.5 months after diagnosis of T1D. Partial remission was defined as IDAA1c 

(HbA1c(%)+4*daily insulin dose) ≤ 9. Beta-cell function was considered significant by a stimulated c-

peptide >300 pmol/L. Participants were characterized by (i) remission or non-remission and (ii) stimulated 

c-peptide levels above or below 300 pmol/L. IS, body mass index (BMI), total body fat, sex, age, pubertal 

status and ketoacidosis at onset were compared.

Results. Seventy-eight children and adolescents aged 3.3-17.7 years were included. At 14.5 months post-

diagnosis, 54.5% of the participants with stimulated c-peptide > 300 pmol/L were not in partial remission. 

Participants not in remission had significant lower IS 2.5 (p=0.032), and 14.5 (p=0.022) months after 

diagnosis compared to participants in partial remission with similar c-peptide levels. IS did not fluctuate 

during the remission phase.

Conclusions. A number of children and adolescents have impaired IS in the remission phase of paediatric 

T1D and are not in remission 14.5 months after diagnosis despite stimulated c-peptide >300 pmol/L. 
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Background

 

Insulin sensitivity and type 1 diabetes

Loss of beta-cell function is the core of disease progression in type 1 diabetes (T1D) and exogenous insulin 

therapy is inevitable. However, the individual need for insulin dosage depends on both residual beta-cell 

function as well as insulin sensitivity (IS).1 Reduced IS is a risk factor of cardiovascular disease in people 

with and without T1D.1  Several studies have reported a higher prevalence of overweight and obesity 

among children and adolescents with T1D than in the healthy population.2,3 It seems that T1D per se 

contributes to reduced IS, and a study of adolescents demonstrate participants with T1D have lower IS 

than healthy peers with similar body mass index (BMI).4  

The gold standard for measuring IS is the euglycemic hyperinsulinemic clamp.5 The technique is, however, 

time consuming, costly, and invasive. This has driven the search for other measures of IS in good 

correlation with the euglycemic hyperinsulinemic (EH) clamp.6 Unfortunately, some of the more widely 

used are not directly applicable in children.6  In 2011 a model was developed in 85 adolescents (12-19 

years) from the SEARCH study7 and is to the best of our knowledge the only model developed in a 

younger population. 

The partial remission phase 

The majority of children with T1D experience a period of partial remission,8 where the need for 

exogenous insulin declines and the glycaemic control improves. One study showed a significantly 

association between partial remission and reduced risk of chronic microvascular complications later in 

life. 9 Diabetic ketoacidosis at time of the initial admission is associated with a lower rate of partial 

remission in young children and adolescents10 as well as a worsening of glycaemic outcome over time.11

Different definitions for the partial remission phase have been suggested: One model defines stimulated 

c-peptide > 300 pmol/L as remission,12 not taking IS into account. Another model defines insulin 

requirement < 0.5 IU/kg/day and HbA1c < 7% as remission12 but has been criticized to rely on treatment, 

which varies between as well as within centers.13
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The Insulin Dose Adjusted A1c (IDDA1c) first suggested in 2009 as a definition of partial remission in 

paediatric T1D includes insulin requirements and HbA1c in a more dynamic way than previous models.13 

The formula has been verified in 2015 and 2016 and is now a recognized international standard. 12

The partial remission phase and IS

Most studies of IS and T1D have focused on participants beyond partial remission phase, but in 2020 

Niedzwiecki et al. addressed remission showing that adults who experienced partial remission had higher 

IS than non-remitters seven years after diagnosis.14 A previous study from our research group found an 

association between the bone marker C-terminal crosslinked telopeptide of type 1 collagen (CTX) and 

IDAA1c in the partial remission phase and hypothesized a mechanism related to improved IS.15 However, 

the research in this field is still limited.

The aim of this study was to investigate impact of IS on duration and character of partial remission in 

paediatric T1D. 

Methods

Participants

The participants were recruited through the “Copenhagen paediatric remission phase 2015” cohort 

between January 2015 and September 2017 from the Diabetes Outpatient Clinic at the Department of 

Paediatrics and Adolescent Medicine at Copenhagen University Hospital, Herlev within three months from 

diagnosis of T1D. They had a total of 3 visits with 6 months apart. In- and exclusion criteria have been 

previously described.15 Eighty-two participants were included in the original cohort. In the present study 

we have included all participants that have completed at least one mixed meal tolerance test (MMTT) 

(n=78).

Practical procedures

The MMTT, dual-energy X-ray absorptiometry (DXA) scan, anthropometric measurements and puberty 

determination in this cohort have previously been described in details.15
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Biochemical evaluation

Stimulated c-peptide was analysed with Immulite® 2000, chemiluminescent immunometric assay. The 

reportable range was 33-6.620 pmol/L, results below this were reported as 0. HbA1c was analysed with a 

high-pressure liquid chromatographic method (Tosoh Bioscience, South San Francisco, CA, USA). HbA1c is 

presented in mmol/mol and (%). Blood glucose is presented in mmol/L.

Definition of variables

The formula for partial remission defined by the IDAA1c is IDAA1c = HbA1c (%) + 4*total daily insulin dose 

(IE/kg/24 hours). A value ≤9 defines partial remission.13  

Stimulated c-peptide at t=90 minutes >300 pmol/L was defined as clinically significant beta-cell response.

Ketoacidosis at diabetes onset was defined as blood glucose >11mmol/L and (i) venous pH < 7.3 or (ii) 

serum bicarbonate < 15 mmol/L.

IS was calculated with the formula developed by Dabelea et al. in 20117. The formula comes in a “best fit” 

(logeIS = 4.64725 – 0.02032(waist, cm) – 0.09779(HbA1c, %) – 0.00234 (TG, mg/dL)) and a “most practical” 

(logeIS = 3.7339 - 0.02155(waist, cm)) model. If not specified otherwise the “most practical” formula has 

been used. 

BMI z-scores were based on a large Danish reference material.16 Total body fat (%BF) from DXA-scans was 

also presented as Z-scores based on Danish reference material for males and females in the age group 

8.0-14.0 years17. The Z-scores for participants 14-16 years of age were based on unpublished Danish 

material from the same cohort (material available upon request). 

Definition of groups

The participants were divided into groups based on IDAA1c (+Rem/-Rem) and stimulated c-peptide 

production (+ß/-ß) at visit 3, 14.5 months post-diagnosis to address the effect over time in the partial 

remission phase. The result was the following four groups:  -Rem/+ß (IDAA1c >9, c-peptide >300 pmol/L), -

Rem/- ß (IDAA1c >9, c-peptide <300 pmol/L), +Rem/+ ß (IDAA1c ≤ 9, c-peptide >300 pmol/L), and +rem/- ß 

(IDAA1c ≤9, c-peptide <300 pmol/L).
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Statistics

All statistical analyses were performed using R v3.4.1(R Foundation for Statistical Computing, Vienna, 

Austria). Groups were compared with Student’s t test for parametric data and Mann Whitney test for non-

parametric data. Changes over time were analysed with mixed effect models. To determine if participants 

changed group between visits, we used McNemar’s test with continuity correction. To analyse association 

between group and ketoacidosis at diagnosis we used Fisher’s exact test.

Values were reported as mean and standard deviation (SD) for normally distributed data and median and 

interquartile range [IQR] for non-parametric data. A p-value < 0.05 was considered statistically significant. 

Ethical approval and consent

This study was approved by the local ethics committee with case number H-3-2014-052 and the Danish 

Data registration Act protection and Data Protection Regulation was followed. Informed written consent 

was obtained from parents and the participants gave their verbal consent after receiving age-adjusted 

information about the study.

Since this is a longitudinal observational study we have followed the STROBE reporting guidelines18

Results
Participant characteristics

We included 78 children (68% boys) between 3.3 and 17.7 years of age with a mean age of 11.4 years at 

time of inclusion (boys 11.9 ± 3.9 SD years; girls 10.1 ± 3.6 SD years). The average time from diagnosis 

until visit 1 was 2.5 ± 0.63 SD months. The average time between visit 1 and 2 and 1 and 3 were 6 ± 0.46 

SD and months and 12.2 ± 0.42 SD months, respectively. At visit 3 the average T1D duration was 14.5 ± 

0.79 SD months.

Participant characteristics at visit 1 are presented in Table 1.

At visit 1, 40 participants (51%) were in partial remission defined by the IDAA1c. At visit 2 and visit 3, 33 

(42%) and 20 (26%) were in partial remission, respectively. Sixty-six (85%), 48 (42%) and 34 (44%) had 

stimulated c-peptide above 300 pmol/L at visit 1, visit 2 and visit 3, respectively. A
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Group characteristics

The groups were defined as described and summarized in Table 2. Fifty-nine of the participants could be 

assigned to one of the defined groups, the remaining 19 participants either lacked a stimulated c-peptide 

at visit 3 (n=10), IDAA1c at visit 3 (n=1) or both (n=8). 

The participants in -Rem/+ß were median 2.7 years older than the other participants (p=0.007) and had a 

higher Tanner score at visit 1 (p<0.001). Participants in -Rem/-ß were median 2.7 years younger than 

other participants (p=0.021) and had a lower Tanner score (p=0.004). No other groups differed 

significantly from the other participants in regards of Tanner stage or age.

Twenty-three participants had diabetic ketoacidosis at diagnosis. There was no significant association 

between ketoacidosis at time of diagnosis and partial remission group at visit 3 (-Rem/+ß: p=0.770; -

Rem/-ß: p=0.124; +Rem/+ß: p=0.0847, none had ketoacidosis in +Rem/-ß). 

Participants with ketoacidosis did not differ significantly from participants without ketoacidosis in 

stimulated c-peptide (p=0.197) nor IS (p=0.471) at visit 3, but the participants with ketoacidosis had a 

significant higher IDAA1c at visit 3 than participants without ketoacidosis (p=0.001).

Figure 1 shows the groups to which the participants were affiliated at the different visits. We found 

significant association between the group the participants belonged to at visit 1 and 3 in -Rem/-ß 

(p<0.001), of which 71% [58%-82%] remained in the group. There was no association between visit 1 and 

3 for the remaining groups (-Rem/+ß (p=0.823), +Rem/-ß (p=0.450) and -Rem/-ß (p=0.603). Between visit 

2 and visit 3 we found significant association in all groups (-Rem/+ß 78% [64%-87%] (p<0.001); -Rem/-ß 

83% [70%-91%] (p<0.001), +Rem/+ß 74% [61%-84%] (p<0.001);  +Rem/-ß 93% [82%-98%] (p<0.001).

Subgroups analysis of participants with IDAA1c > 9 (not in remission)

Thirty-nine participants had IDAA1c > 9 at visit 3, of these 46% had a stimulated c-peptide > 300 pmol/L 

(Rem/+ß). -Rem/+ß and -Rem/-ß did not differ in terms of IDAA1c level at any visit (p=0.951) -Rem/+ß had 

a significantly lower IS than -Rem/-ß at visit 1 (p=0.008), visit 2 (p=0.042) and visit 3 (p=0.005).

-Rem/+ß were 3.6 years older than -Rem/-ß (p=0.004) but did not differ in BMI z-score (p=0.295) nor total 

body fat z-score (p=0.477). Table 2 shows further characteristics of the two groups. A
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Subgroup analysis of participants with stimulated c-peptide >300 pmol/L (significant beta-cell function)

-Rem/+ß had a lower IS than +Rem/+ß at visit 1 (p=0.032) and visit 3 (p=0.022). The difference was non-

significant at visit 2 (p=0.160).

Thirty-three participants had a stimulated c-peptide > 300 pmol/L at visit 3. 54.5% of these were not in 

remission (-Rem/+ß), The level of stimulated c-peptide did not differ between -Rem/+ß and +Rem/+ß at 

any visit (visit 1: p=0.662 visit 2: p=0.968; visit 3: p=0.310) neither did the age (visit 1: p=0.384), nor 

Tanner stage (visit 1: p=0.856; visit 2: p=0.647; visit 3: p=0.690). -Rem/+ß and +Rem/+ß differed 

significantly in terms of BMI z-score (p=0.006) at visit 1. Further characteristics of the two groups are 

presented in table 2.

Insulin sensitivity

The participants with stimulated c-peptide >300 pmol/L and non-remission at visit 3 (-Rem/+ß) had a 

significantly lower IS compared to all other participants (pooled data) (p<0.001), corrected for Tanner 

stage. 

IS did not change between visits, neither on group nor on individual level adjusted for Tanner stage.

-Rem/-ß had a higher IS at visit 1 compared to participants in all other groups (pooled data) (p=0.04). 

There were no significant differences at the other visits. +Rem/+ß did not significantly differ in terms of IS 

at any visits compared to all other participants. Due to the low number of participants in the +Rem/-ß 

group comparisons were only applied at visit 3, where IS was significant higher in this group (p=0.006).

IS obtained with the “most practical” model was comparable with values obtained with the “best fit”-

model (data not shown).

Discussion
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The present study provides new insight to the importance of IS on the partial remission in T1D in children 

and adolescents. 

The major findings are that: 1) The partial remission phase is not only a matter of insulin production: more 

than 55% of the participants with c-peptide levels >300 pmol/L were not in partial remission defined by 

the IDAA1c. 2) The group not in partial remission (-Rem/+ß) had lower IS than the comparable group with 

same c-peptide level in remission (+Rem/+ß). There was no difference in total body fat between the two 

groups. 

Most studies investigating IS in T1D do not include the partial remission phase, which makes the 

knowledge in this area limited. We show that participants in our cohort had an unaltered level of IS 

throughout the partial remission phase with lower levels already present at 2.5 months after diagnosis.  

We confirm that ketoacidosis at onset associates with lower rate of partial remission10 but find no 

association to neither our defined groups, stimulated c-peptide nor IS. Therefore, presentation with 

ketoacidosis is not an indicator of low IS in this study. Since the group association is not stable until the 

visit at six months and onwards it indicates that the influence of IS on the remission phase has higher 

impact in the late part of the remission. 

Other factors than IS, including disease duration and age of participants, could explain the non-remission 

in -Rem/+ß individuals.8 In our cohort, however duration of disease is comparable between participants. 

Age is also similar between -Rem/+ß and +Rem/+ß, making age less likely to explain non-remission in -

Rem/ß. 

Just like evidence is rising on the heterogeneity of T2D,19 our data suggests that T1D could benefit from 

the same approach. Double diabetes (with the presence  of T1D along with features of T2D) is a rising 

challenge,6 and the findings in our paediatric cohort might be the early identification of the patients most 

at risk. Identifying these individuals already in the remission phase makes early intervention possible in 

order to improve the long term glycaemic control and reduce the risk of complications.1

Improvement of IS in the -Rem/+ß group by pharmaceutical interventions could be an option. The most 

commonly prescribed drug for insulin resistance in T1D is metformin20, another drug group with similar 

potential is thiazolidinediones (TZs). Both drugs have shown to result in lower insulin requirement in 

subjects with T1D.21–23 Their ability to reduce HbA1c results diverge. A subgroup analysis of a recent 

multicentre RCT where T1D overweight/obese individuals were treated with metformin found an A
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improved IS in the intervention group24, but the study as a whole could not demonstrate an improvement 

of HbA1c.25 

TZs have been associated with several side effects which explains the limited number of studies in T1D. In 

T2D they are found to improve IS in insulin-resistant individuals by 25-68% within the different studies.27 

In light of our findings it could be interesting to target individuals with low IS a future intervention (-

Rem/+ß) to assess whether this particular group could obtain improved glycaemic outcome and/or extend 

the remission phase, preferably initiated around 6 months after diagnosis where IS seems to have the 

highest impact on the remission outcome.

To the best of our knowledge, neither metformin nor thiazolidinediones intervention have been tried in 

the partial remission phase, but the combination of higher IS and decreased insulin requirements holds a 

potential, especially for the subgroup with low IS.

Another option for improving IS is exercise. We know that exercise improves IS both immediately  and 

more generally in subjects who exercise frequently.28 In the current study we do not have information 

regarding physical exercise to address this question in our cohort. 

Strengths and limitations

This study has several strengths: It is uniformly collected cohort study with both children and adolescents 

included shortly after diagnosis. We use international accepted methods to define c-peptide, remission 

phase as well as diabetic ketoacidosis. On the other side, IS in T1D is difficult to assess and an ideal and 

easy-to-use method has yet to be found. The applied model in this study is based on the gold standard, 

the euglycemic hyperinsulinemic clamp. However, the model is developed in adolescents past remission 

and our cohort comprises both children and adolescents at an earlier stage in the disease. We prefer the 

“most practical model” in order to avoid HbA1c as a part of the equation since this is already a part of our 

group analyses.7. As described, we compared our results to the full model and find that they align. Also, 

the model relies on waist circumference that is described as an independent predictor of insulin 

resistance in black and white youth,29 to associate with IS6 and to be a predictor of daily insulin use.30 The 

euglycemic hyperinsulinemic clamp does have its limitations; it is artificial in nature with high insulin 

levels and euglycemia and there is no international agreement on what are appropriate insulin levels 

when clamping. A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Conclusion

In this study we demonstrate differences in IS in the partial remission phase of paediatric T1D suggesting 

that a group of patients have impaired IS in the remission phase. These patients could be the target of 

personalised interventions like insulin sensitizers or exercise in order to improve metabolic outcome and 

potentially prolong the partial remission phase.

Since this study is observational, intervention studies addressing this group could be the next step.
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Overview of the cohort at baseline visit. Data is shown in mean and standard deviation (± = SD) for normally distributed variables and median and 

interquartile range [IQR] for non-normally distributed variables. 

Table 1 Boys (n=53) Girls (n=25) Total (n=78) 

Age at visit 1 (yrs) 12.0±3.0 10.1±3.6 11.4±3.3 

Tanner stages  1: 26 (49%) 1: 14 (56%) 1: 40 (51%) 

2: 5 (9%) 2: 2 (8%) 2: 7 (9%) 

3 or above: 20 (38%) 3 or above: 8 (32%) 3 or above: 28 (36%) 

Unknown: 3 (4%) Unknown: 1 (4%) Unknown: 3 (4%) 

BMI z-score at visit 1 -0.10±1.0 -0.03±0.96 -0.08±1.0 

Body fat, z-score (only 6-16 years for girls, 7-15 for boys) 0.76±0.57 0.82±0.57 0.78±0.56 

Hba1c at visit 1 mmol/mol (%) 52±12 (6.9±3.2) 55±11(7.2±3.2) 53±11.5(7.0±3.2) 

Ketoacidosis at onset  15(28%) 8(32%) 23 (29%) 

Insulin sensitivity (log(e)) 2.31[IQR 2.22-2.44] 2.53[2.40-2-61] 2.33 [IQR 2.22-2.50] 
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Table 2. Group characteristics stratified at visit 3, 14.5 month following diabetes onset 

 Not in remission 

IDAA1c >9 

In remission 

IDAA1c ≤ 9 

-Rem/+ß 

C-peptide > 300 

n=18 

-Rem/-ß 

C-peptide ≤ 300 

n= 21 

+Rem/+ß 

C-peptide > 300 

n=15 

+Rem/-ß 

C-peptide ≤ 300) 

n= 5  

Boys, number (%) 14 (78%) 13 (62%) 11 (73%) 3 (60%) 

Age at visit 1   13.7[IQR 10.9-15.5]* 10.1[IQR 8.3-12.4] (p=0.004)* 12.7[IQR 10.6-13.8] 5.8[IQR 5.4-11.0] 

Tanner stages  

1: 6 (33%)*  1: 16 (76%) (p=0.002)* 1: 6 (40%) 1: 4 (80%) 

2: 2 (11%) 2: 2 (10%)  2: 1 (7%) 2: 0 (0%) 

≥3: 10 (55%) ≥3: 2 (10%) 3 or above: 8 (53%) 3 or above: 0 (0%) 

Unknown: 0 (0%) Unknown: 1 (5%) Unknown: 0 (0%) Unknown: 1 (20%) 

BMI z-score at visit 1 0.32±1.1# -0.14±1.0 -0.23±0.68 (p=0.006)# 0.04±1.1 

BMI z-score at visit 2 0.35±1.1 0.10±1.1 -0.11±0.62 0.10±1.1 

BMI z-score at visit 3 0.50±1.2 0.06±1.1 -0.12±0.57 -0.13±0.85 

Body fat, visit 1 z-score (only 6-16 

years for girls, 7-15 for boys) 1.00±0.93 0.67±0.39 0.63±0.36 ¨ 

Body fat, visit 3 z-score (only 6-16 

years) 1.17±1.0 0.94±8.89 0.68±0.48 0.75±0.12 

pH at onset of T1D, mean 7.33±0.14 7.31±0.18 7.37±0.073 7.45±0.058 A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

Serum bicarbonate at first 

admission 20.7 [IQR 12.3-23.3] 21.05 [IQR 11.28-23,5] 22.55 [IQR 16.9-23.9] 22.05 [IQR 21.07-22.85] 

Ketoacidosis at onset  6 (33%) 8 (38%) 1 (7%) 0 (0%) 

Hba1c at visit 1 53±10 (7.0%±3.1)# 52±10 (6.9%±3.1) 46±11 (6.4%±3.1)(p=0.022)# 58.2±19.0 (7.5%±4.0) 

Hba1c at visit 2 49±8 (6.6%±2.9) 51±7 (6.8%±2.8) 45±7 (6.2%±2.8) 46±5 (6.3%±2.6) 

Hba1c at visit 3 52±9 (6.9%±3.0)# 54±6 (7.1%±2.7) 43±7 (6.1%±2.8) (p=0.007)# 47±4 (6.4%±2.5) 

Total daily insulin dose (IE/kg/24 

hours at visit 1 0.66 [IQR 0.44-0.77]# 0.49 [IQR 0.42-0.67] 0.44 [IQR 0.26-0.51] (p=0.014)# 0.28 [IQR 0.15-0.38] 

Total daily insulin dose (IE/kg/24 

hours at visit 2 0.69 [IQR 0.57-0.82]# 0.67 [IQR 0.53-0.87] 0.40 [IQR 0.38-0.49] (p<0.001)# 0.32 [IQR 0.26-037] 

Total daily insulin dose (IE/kg/24 

hours at visit 3 0.83 [IQR 0.70-0.90]# 0.75 [IQR 0.56-0.88] 0.37 [IQR 0.28-0.60] (p<0.001)# 0.51 [IQR 0.46-0.54] 

Stimulated c-peptide at visit 1 858 [IQR 539-1640]* 420 [IQR 314-549] (p<0.001)* 718 [IQR 581-904] 505 [IQR 384-616] 

Stimulated c-peptide at visit 2 609 [IQR 469-723]* 239 [IQR 168-368] (p<0.001)* 692 [IQR 479-856] 273 [IQR 246-301] 

Stimulated c-peptide at visit 3 450 [IQR 388-542]* 149 [IQR 100-205] (p<0.001)* 606 [IQR 437-857] 132 [IQR 110-164] 

Insulin sensitivity at visit 1 2.1±0.31*# 2.6±0.12 (p=0.008)* 2.4±0.18 (p=0.022)# ¨ 

Insulin sensitivity at visit 2 2.0±0.36* 2.3±0.20 (p=0.042)* 2.2±0.19 ¨¨ 

Insulin sensitivity at visit 3 2.0±0.34*# 2.4±0.18 (p=0.005)* 2.3±0.17 (p=0.022)# 2.7±0.14 

¨ = data only available from 1 participant 

¨¨ = data only available from 2 participants A
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Groups defined by IDAA1c and stimulated c-peptide at visit 3. Data is shown in mean and standard deviation (± = SD) for normally distributed variables and 

median and interquartile range [IQR] for non-normally distributed variables. Significant differences (p<0.05) between -Rem/+ß and -Rem/-ß are marked with 

*and the p-value is presented in the -Rem/-ß column.  Significant differences (p<0.05) between -Rem/+ß and +Rem/+ß and are marked with # and the p-

value is presented in the +Rem/+ß column.  
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