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C-peptide and metabolic outcomes in trials of disease 
modifying therapy in new-onset type 1 diabetes: 
an individual participant meta-analysis
Peter N Taylor*, Kimberly S Collins*, Anna Lam*, Stephen R Karpen, Brianna Greeno, Frank Walker, Alejandro Lozano, Elnaz Atabakhsh, 
Simi T Ahmed, Marjana Marinac, Esther Latres, Peter A Senior, Mark Rigby, Peter A Gottlieb, Colin M Dayan on behalf of the Trial Outcome 
Markers Initiative collaboration†

Summary
Background Metabolic outcomes in type 1 diabetes remain suboptimal. Disease modifying therapy to prevent β-cell 
loss presents an alternative treatment framework but the effect on metabolic outcomes is unclear. We, therefore, 
aimed to define the relationship between insulin C-peptide as a marker of β-cell function and metabolic outcomes in 
new-onset type 1 diabetes.

Methods 21 trials of disease-modifying interventions within 100 days of type 1 diabetes diagnosis comprising 
1315 adults (ie, those 18 years and older) and 1396 children (ie, those younger than 18 years) were combined. Endpoints 
assessed were stimulated area under the curve C-peptide, HbA1c, insulin use, hypoglycaemic events, and composite 
scores (such as insulin dose adjusted A1c, total daily insulin, U/kg per day, and BETA-2 score). Positive studies were 
defined as those meeting their primary endpoint. Differences in outcomes between active and control groups were 
assessed using the Wilcoxon rank test.

Findings 6 months after treatment, a 24·8% greater C-peptide preservation in positive studies was associated with 
a 0·55% lower HbA1c (p<0·0001), with differences being detectable as early as 3 months. Cross-sectional analysis, 
combining positive and negative studies, was consistent with this proportionality: a 55% improvement in C-peptide 
preservation was associated with 0·64% lower HbA1c (p<0·0001). Higher initial C-peptide levels and greater 
preservation were associated with greater improvement in HbA1c. For HbA1c, IDAAC, and BETA-2 score, sample size 
predictions indicated that 2–3 times as many participants per group would be required to show a difference at 
6 months as compared with C-peptide. Detecting a reduction in hypoglycaemia was affected by reporting methods.

Interpretation Interventions that preserve β-cell function are effective at improving metabolic outcomes in new-onset 
type 1 diabetes, confirming their potential as adjuncts to insulin. We have shown that improvements in HbA1c are 
directly proportional to the degree of C-peptide preservation, quantifying this relationship, and supporting the use of 
C-peptides as a surrogate endpoint in clinical trials.
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Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 
4.0 license.

Introduction
Type 1 diabetes results from the autoimmune destruction 
of insulin producing β cells.1 The subsequent inability to 
produce insulin has profound adverse metabolic and 
clinical consequences.1 Three stages of type 1 diabetes are 
defined: stage 1 is the presence of β-cell autoimmunity 
(ie, two or more islet autoantibodies), stage 2 is the 
presence of β-cell autoimmunity and dysglycaemia, and 
stage 3 is the onset of symptomatic disease.2 For the past 
century, insulin has been the mainstay of treatment in 
stage 3 type 1 diabetes, but despite substantial improve
ments in glucose monitoring and insulin delivery the 
majority of people with diabetes do not meet glycaemic 
targets.3 As a result, substantial morbidity and excess 
premature death by more than a decade persist in people 
with type 1 diabetes.4,5

Disease-modifying therapy to preserve β-cell function 
represents an alternative and adjunctive treatment 
framework to insulin therapy in type 1 diabetes that could 
enable more people with diabetes to meet glycaemic 
targets. C-peptide is co-secreted in a 1:1 ratio with 
insulin and is a measure of endogenous insulin 
secretion and β-cell function.6 Randomised prospective 
trials in early stage 3 type 1 diabetes have identi
fied nine disease-modifying interventions that have 
shown evidence of β-cell preservation as shown by 
improved meal-stimulated area under the curve (AUC) 
C-peptide7–18 at 12 months post-diagnosis. Large popu
lation cohort-based studies show that persistence of 
even modest concentrations of C-peptide in type 1 
diabetes are associated with better clinical outcomes 
including reductions in hypoglycaemia, neuropathy, and 
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retinopathy.19–21 However, in contrast to the cohort-based 
observational studies, a significant  improvement in 
metabolic outcomes, such as lower HbA1c or a reduction 
in hypoglycaemia rates was rarely seen in trials of 
disease-modifying therapies.11,18 The reasons why sig
nificant metabolic improvement was not observed in 
prospective studies are unclear. Explanations include too 
small a sample size, features of the populations studied 
(eg, adults vs children), failure of C-peptide to accurately 
reflect β-cell function, confounding effects of insulin 
therapy, or failure to reach a threshold amount of β-cell 
function to effect metabolic control.

Prospective studies in new-onset type 1 diabetes not 
meeting clinical endpoints11,18,22 despite preserving 
C-peptide has raised concerns among drug developers 
and has challenged the role of C-peptide as a surrogate 
endpoint. There is therefore an urgent need to define the 

relationship between β-cell preservation and metabolic 
outcomes in prospective studies, and to confirm the role 
of C-peptide as a reliable surrogate outcome marker. Here 
we aimed to address this issue by combining individual 
participant data from multiple disease-modifying inter
vention trials conducted over the past 15 years in 
early stage 3 type 1 diabetes, comprising more than 
2500 participants as part of the Trial Outcome Markers 
Initiative. We also aimed to explore the use of composite 
clinical endpoints and define the likely size of clinical 
trials required to show a clinically significant metabolic 
benefit.

Methods
Studies used
We identified 31 studies comprising 3156 participants 
from published clinical trials of immunomodulating 

Research in Context

Evidence before this study
We searched PubMed and Embase on Aug 1, 2021, for reports 
published in English between Jan 1, 2000, and July 30, 2020, 
related to “C-peptide” and “metabolic outcomes” and also 
“trials” of “immunotherapy” in “stage 3 type 1 diabetes”. 
We also consulted with experts for additional relevant studies 
and reviewed the epidemiology of type 1 diabetes. 
8·75 million people are living with type 1 diabetes worldwide 
of whom 1·52 million are younger than 20 years with 
a median age of diagnosis of 12 years. Despite recent 
advances in insulin therapy, only 20% of children and 30% of 
adults meet glycaemic targets even in high-income countries, 
resulting in a 16-year reduction in lifespan in those diagnosed 
younger than 10 years. Despite this huge unmet need, no new 
drugs for type 1 diabetes other than insulin have been 
developed within the past 100 years. Type 1 diabetes is an 
autoimmune disease and at least seven immunotherapies 
have been shown to slow the loss of pancreatic β-cell 
function as measured by insulin C-peptide concentrations. 
However, trials of immunotherapy in new-onset type 1 
diabetes to date have not shown a significant effect on 
clinical endpoints such as HbA1c or hypoglycaemia rates. 
As a result, almost all major drug companies have closed their 
type 1 diabetes immunotherapy programmes within the past 
5 years.

Added value of this study
In this Article, we provide prospective trial evidence that 
earlier studies not showing clinical benefit from 
immunotherapy was predominantly an issue of insufficient 
statistical power, not a lack of effect. To show this, individual 
participant data were combined from 21 randomised 
controlled trials of immunotherapy in new-onset type 1 
diabetes, comprising 1315 adults (ie, those 18 years 
and older) and 1396 children (ie, those younger than 
18 years)–6 times larger than any previous study. In addition, 

we have quantified the relationship between the degree 
of C-peptide preservation and metabolic benefit: 
a 24·8% greater C-peptide preservation was associated 
with a 0·55% lower HbA1c (p<0·0001) level. These differences 
were detectable as early as 3 months after trial 
commencement. Overall, our data suggest that preservation 
of >76% of initial C-peptide levels should allow almost all 
individuals to achieve optimal glycaemic targets. This study 
represents the work of a global collaboration between large 
pharmaceutical companies, smaller biopharmaceutical 
companies, publicly funded networks, health charities, and 
academic researchers coordinated by a not-for-profit 
company created under the auspices of the Food and Drug 
Administration’s Critical Path Initiative programme to 
address this problem.

Implications of all the available evidence
Our prospective randomised controlled trial data are 
consistent with earlier observational data on the clinical 
benefits of C-peptide preservation from studies such as 
DCCT and SDRNT1Bio. The demonstration that β-cell 
(C-peptide) preservation via immunotherapy can 
substantially improve metabolic outcomes and the 
quantification of this relationship breaks the deadlock 
preventing progress in developing immunotherapies. 
Furthermore, the evidence supports the use of C-peptide 
as a surrogate outcome measure in clinical trials and 
regulatory submissions allowing new drugs to be assessed 
and clinical trials to be designed with confidence. Taken 
together these data now provide a roadmap for how, 
100 years after the first clinical use of insulin, immunotherapy 
and β-cell preservation can begin to replace insulin as the 
first line therapy for type 1 diabetes. This will allow many 
more individuals to achieve glycaemic targets than at present, 
lessening the burden of insulin therapy while improving 
clinical outcomes.
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therapies in new-onset type 1 diabetes. The main barrier 
for study inclusion was establishing data sharing agree
ments and transfers in a timely manner. We therefore 
prioritised the inclusion of larger phase 2 and phase 3 
trials, as well as TrialNet and Immune Tolerance Network 
studies, over smaller studies. Participant-level data from 
21 disease modifying intervention trials in children 
(ie, those younger than 18 years) and adults (ie, those 
18 years and older) with new-onset type 1 diabetes were 
used10–18,23–34 (appendix pp 2–6, 17–19). New-onset type 1 
diabetes was defined as recruitment to a clinical trial 
within 100 days of type 1 diabetes diagnosis. Studies were 
defined as positive if they had met their primary outcome, 
which was generally a statistically significant difference 
(p<0·05) in AUC C-peptide after a mixed-meal tolerance 
test. This analysis involved the secondary use of de-
identified and anonymised data for which no direct linkage 
with an individual study participant is possible and 
therefore research ethics board approval was not required. 
The Western Institutional Review Board approved this 
approach in 2020.

Endpoints
The endpoints assessed were AUC C-peptide (nmol/L), 
HbA1c (%), total daily insulin (U/kg per day), insulin dose 
adjusted A1c (%),35 BETA-2 score,36 the Secretory Unit of 
Islet Transplant Objects index,37 and hypoglycaemia  
(mmol/L). AUC C-peptide was time-normalised and 
calculated using the trapezoidal rule. AUCs missing 
baseline and derived from fewer than three timepoints 
were excluded.

Composite scores
Insulin dose adjusted A1c combines HbA1c with insulin 
dose; a lower score indicates greater β-cell function.35 
The BETA-2 score uses fasting plasma glucose, fasting 
C-peptide, HbA1c, and insulin use. It has been shown 
to predict insulin independence, abnormal glucose 
tolerance,36 as well as early and long-term islet cell graft 
function.38 The Secretory Unit of Islet Transplant 
Objects index,37 another measure of β-cell function, uses 
fasting C-peptide and glucose concentrations. The 
calculation of these scores is shown in the appendix (p 7).

Assessment of hypoglycaemia
There was substantial variation between studies in how 
hypoglycaemia was recorded. Some trials captured home 
capillary blood glucose readings in diaries, whereas 
others used participants recall of hypoglycaemic events. 
Because of this, the number of hypoglycaemic events 
ranged per participant ranged between 0 and 253. 
We therefore examined hypoglycaemia separately for 
studies using methods capturing large numbers of hypo
glycaemic events and those using methods capturing 
smaller number of events.

Hypoglycaemic episodes were captured from adverse 
event reports, participant recall, and diaries that included 

capillary blood glucose records. A level 2 hypoglycaemic 
event was defined as a blood glucose measurement of less 
than 54 mg/dL (<3·0 mmol/L) regardless of clinical 
symptoms, and level 3 was defined as having a severe 
cognitive impairment that required external assistance, 
according to international consensus definitions.39 As 
continuous glucose monitoring data were only available in 
265 participants, continuous-glucose-monitoring-detected 
hypoglycaemia was not included in this analysis. Further 
details of hypoglycaemic modelling are described in the 
appendix (p 8).

All studies (n=2712) Negative studies 
(n=1932)

Positive studies 
(n=780)

p values

Placebo 812 (29·9%) 566 (29·3%) 246 (31·5%) ··

Intervention 1900 (70·1%) 1366 (70·7%) 534 (68·5%) ··

Age, years* 17 (13–25) 17 (12–24) 18 (13–26) p=0·0001

Children (ie, those 
younger than 18 
years)*

1396 (51·5%) 1039 (53·8%) 357 (45·8%) p=0·0002

Adults (ie, those 18 
years and older)*

1315 (48·5%) 893 (46·2%) 422 (54·1%) ··

Sex

Female 1085 (40·0%) 776 (40·2%) 309 (39·6%) p=0·82

Male 1627 (60·0%) 1156 (59·8%) 471 (60·4%) ··

Time normalised 
C-peptide, nmol/L

0·64 (0·44–0·92) 0·64 (0·43–0·92) 0·65 (0·46–0·92) p=0·42

Time since diagnosis, 
days*

69 (49–85) 67 (47–83) 75 (53–90) p<0·0001

BMI and weight

BMI for children, 
kg/m²*

19·4 (17·4–22·0) 19·4 (17·4–21·7) 19·6 (17·5–23·0) p=0·060

BMI for children, 
Z-score*

–0·2 (–0·7 to 0·5) –0·2 (–0·7 to 0·4) –0·1 (–0·6 to 0·8) ··

BMI for adults, kg/m²* 23·0 (20·7–25·4) 23·0 (20·6–25·4) 23·0 (20·8–25·4) p=0·54

BMI for adults, 
Z-score*

–0·1 (–0·7 to 0·5) –0·1 (–0·7 to 0·5) –0·1 (–0·7 to 0·5) ··

Weight for children, 
kg*

49·6 (39·0–61·3) 49·7 (39·0–60·0) 49·0 (39·0–65·0) p=0·43

Weight for adults, kg* 69·6 (60·0–79·8) 69·6 (59·5–79·7) 69·7 (61·0–80·3) p=0·33

Race

American Indian or 
Alaska Native*

10 (0·4%) 8 (0·4%) 2 (0·3%) p<0·0001

Asian* 171 (6·3%) 168 (8·7%) 3 (0·4%) ··

Black* 50 (1·8%) 33 (1·7%) 17 (2·2%) ··

White* 2154 (79·4%) 1411 (73·0%) 743 (95·3%) ··

More than one race* 23 (0·8%) 18 (0·9%) 5 (0·6%) ··

Other* 17 (0·6%) 9 (0·5%) 8 (1·0%) ··

Unknown 287 (10·6%) 285 (14·8%) 2 (0·3%)

Ethnicity

Hispanic or Latino 160 (5·9%) 117 (6·1%) 43 (5·5%) p=0·18

Not Hispanic or Latino 2271 (83·7%) 1536 (79·5%) 735 (94·2%)  ··

Unknown 281(10·4%) 279 (14·4%) 2 (0·3%)

Data are n (%) or median (IQR). There was one individual with missing data on age, 287 individuals with missing 
data on race, and 281 individuals with missing ethnicity data. *Significant difference between negative and 
positive studies. 

Table 1: Summary of participants in the included studies
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Statistical analyses
Data were binned into baseline, 3, 6, 12, 18, and 
24 months. Screening measurements were used 
for baseline when an endpoint was not captured at 
the study start. The binned time intervals included 
a range of 30 days SD. For C-peptide preservation at 
2 years, a range of 90 days SD was used. At each 
timepoint, the mean and 95% CIs are shown. Locally 
estimated scatterplot smoothing curves were generated 
to depict the cumulative frequency of hypoglycaemic 
events and HbA1c trajectories stratified by C-peptide 
quartiles. Statistical significance for each endpoint 
between active and control groups at each time
point was determined by the Wilcoxon rank sum 
test, for which a p-value of less than 0·05 was 
considered statistically significant given our hypothesis 

generation of exploring relationships with repeated 
measures across time for AUC C-peptide and the 
similar nature of several outcomes (eg, HbA1c and 
insulin dose adjusted A1c). The Kruskal-Wallis rank 
sum test was performed for the cumulative frequency 
of hypoglycaemic events across C-peptide quartiles. 
No correction was made for multiple testing. Exemplar 
sample size calculations were performed using the 
pwr R package. A two means, two-sided t-test with 
an alpha level of 0·05, power set to 80%, and 
Cohen’s D effect size approximation, were calculated 
using the observed mean differences and SDs from 
the positive studies only within each age group 
(ie, children and adults) and time frame specified. 
Data were analysed using R (version 4.0.5) and 
R Studio (version 353).

Figure 1: Time normalised C-peptide AUC, change in C-peptide from baseline and HbA1c means across 12 months, and change in C-peptide from baseline, HbA1c, insulin dose, and insulin dose 
adjusted A1c across 24 months
Mean value of time-normalised C-peptide AUC across 12 months (A), percent change in C-peptide AUC from baseline across 12months (B), HbA1c across 12 months (C), change in C-peptide AUC from 
baseline across 24 months (D), HbA1c across 24 months (E), total daily insulin across 24 months (F), and insulin-dose adjusted A1c across 24 months (G). Error bars represent 95% CIs. Active groups 
are in red and control groups are in blue. AUC=area under the curve. p values are reported above each timepoint. Only studies with two years or more of follow-up were included in panels D–G.
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Role of the funding source
As a patient-focused organisation and funder of the 
study, JDRF had a role in the initial concept and 
scope of the project, but no role in the study design, 
data collection, data analysis, or decision to submit for 
publication. However, EL and MM are employed by the 
JDRF and were involved in the interpretation of research 
outputs and drafting of the manuscript.

Results
Our dataset comprised 1315 adults and 1396 children 
studied within 100 days of diagnosis of type 1 diabetes 
from 21 studies (table 1). This represents 85·9% 
of study participants from the 31 eligible trials identified 
in our literature search. 780 participants were derived 
from eight positive studies (appendix pp 17–18). Across 

all studies, data were available beyond baseline in 
2705 participants up to 12 months and 1358 participants 
up to 24 months.

AUC C-peptide levels declined linearly from diagnosis 
in the negative studies and the control groups of the 
positive studies. The control groups of positive studies 
fell to around 65% of baseline at 1 year and 40% at 2 years 
(figure 1). By contrast, the change in HbA1c over time 
from diagnosis was U-shaped with an improvement in 
HbA1c of up to 1% in the first 3 months followed by 
a linear rise after this time (figure 1).

In positive studies, disease modifying therapy was 
associated with an initial rise in C-peptide relative to 
baseline in the first 3 months, followed by a decline. 
C-peptide levels remained higher than controls up to 
24 months despite no further treatment being given 

Figure 2: C-peptide preservation and change in HbA1c across time
Mean change in HbA1c (%) stratified by quartiles of percentage C-peptide preservation at 6 months (A), 1 year (B), and 2 years (C) from baseline, and at 6 months (D), 1 year (E), and 2 years (F) from 
3 months. Error bars in panels A–F represent 95% CIs as do the shaded regions in panel G. Loess HbA1c trajectories stratified by quantiles of baseline C-peptide and preservation at 2 years (G). Each panel 
represents a baseline C-peptide quartile >0·92, 0·64–0·92, 0·44–0·63, and <0·44 nmol/L. Loess curves within each panel are stratified by preservation of C-peptide from baseline at 2-year quartiles: 
>76%, 48-76%, 22-47%, and <22%. N represents the total number of individuals in each panel. Only individuals with 2-year C-peptide had data included.
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beyond 12 months in all but one study (appendix pp 2–6). 
This preservation of C-peptide was associated with sig
nificantly lower HbA1c concentrations compared with the 
controls as early as 3 months after the beginning of 
the intervention with the maximal difference being 
achieved at 6 months (figure 1). At 3 months there was 
a 17·8% difference in C-peptide preservation between 
active treatment and controls within positive studies 

and a 0·41% difference in HbA1c; at 6 months 
a 24·8% difference in C-peptide preservation was 
associated with 0·55% difference in HbA1c (figure 1). HbA1c 
remained lower in the intervention group up to 24 months, 
although the difference between the groups appeared to 
reduce (figure 1).

The association between C-peptide preservation and 
HbA1c seen between active groups and control groups in 

Figure 3: Mean frequency of level two and level three hypoglycaemic events
Mean frequency of the cumulative level two and level three hypoglycaemic events grouped by negative and positive study outcomes and whether blood glucose levels were provided (A). Error bars 
represent 95% CIs. Active groups are in red lines and control groups are in blue. N represents the total number of individuals in each panel. Only studies with 2 years or more of follow-up reported the 
occurrence of at least level two hypoglycaemic events. No statistical differences were found between active and control groups. Loess curves with 95% CIs of the mean frequency of combined level two 
and level three hypoglycaemic events across 1 year stratified by quartiles of C-peptide at baseline (left figure; B) and at 1 year (right figure; B). Significance reported at each time interval (0·00, 0·25, 
0·5, 0·75, and 1 year). p values are reported above each timepoint.
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the positive intervention studies was further supported in 
longitudinal analysis of the whole dataset (figure 2). Change 
in HbA1c was linearly related to the degree of C-peptide 
preservation when studied from baseline or from the nadir 
of HbA1c at 3 months (figure 2). A 32%, 27%, or 55% greater 
preservation of C-peptide from baseline to 1 year between 
each quartile was associated with a clinically meaningful 
improvement in HbA1c of 0·87% (p<0·0001), 0·60% 
(p<0·0001), and 0·64% (p<0·0001) respectively. The 
relationship continued for 2 years, except for the analysis 
from 3 months to 2 years, which appeared to plateau at 
less than 56% C-peptide preservation (figure 2). A similar 
relationship was seen with the percentage of individuals 
achieving a target HbA1c of less than 6·5% or an insulin 
dose adjusted A1c of less than 9% (appendix pp 10–13) with 
some suggestion of a plateau with C-peptide levels of less 
than 0·85 nmol/l (appendix p 11).

Additional analysis of the whole dataset suggested that 
a higher initial C-peptide level in addition to higher 
degrees of β-cell preservation was associated with further 
improved HbA1c levels at 2 years. An initial C-peptide 
level in the highest quartile (>0·92nmol/L) combined 
with preservation of more than 76% of C-peptide (N=81) 
was associated with a mean HbA1c of 6·2% at 2 years as 
compared with around 8·6% in participants that 
maintained less than 22% of their initial C-peptide level 
of (>0·92nmol/l; N=47; figure 2).

Insulin doses increased steadily in the positive studies, 
but less so in the negative studies. Doses were lower for 
the first 6–18 months in the treatment group than the 
control groups in positive studies (figure 1). Although 
insulin doses increased, HbA1c remained lower in the 
intervention group even after adjusting for insulin dose 
(insulin dose adjusted A1c; figure 1). Higher insulin doses 
were given in positive studies than negative studies 
potentially reflecting differences in study populations. 
Participants in positive studies were older and had later 
recruitment after diagnosis (table 1). There might have 
been differences in glucose management, as HbA1c 
concentrations tended to be lower in the control groups of 
positive studies than negative studies beyond 12 months.

Despite greater C-peptide preservation, no statistically 
significant differences in cumulative hypoglycaemic 
rates in the positive studies were shown. However, 
the cumulative number of hypoglycaemic events was 
numerically higher at 2 years in those receiving placebo 
in positive studies in which there was frequent 
recording of blood glucose levels (figure 3) in keeping 
with higher insulin doses needed in the placebo groups. 
There was no suggestion of any differences in studies 
that did not have frequent blood glucose measurements 
(figure 3). Longitudinal analysis of the whole dataset 
showed an important and significant difference in 
hypoglycaemic events as early as 3 months beyond 
baseline when those in the highest and lowest quartiles 
of baseline or C-peptide preservation at 1 year were 
compared (figure 3).

Exemplar power calculations using the observed 
differences between the active and control groups in 
the dataset indicated that 1·5–4·5-fold smaller samples 
are required for an AUC C-peptide versus a HbA1c 
endpoint (table 2). Smaller sample sizes are required 
for studies in children compared with adults, although 
this is less marked with HbA1c than a C-peptide 
endpoint. In keeping with this there is a faster decline 
in C-peptide in younger individuals (appendix pp 14–15). 
A sample size of 158 in each group in adults or 
79 in children was adequate to see a difference in 
HbA1c at 6 months at 80% power and a significance 

Age 
group

Observed 
mean 
difference*

Active 
group 
(SD)

Control 
group 
(SD)

Sample size 
for each 
group (1:1), 
one-sided

Sample size 
for each 
group (1:1), 
two-sided

C-peptide preservation

6 months Children 29·40 41·36 31·01 20 25

6 months Adult 18·18 46·41 40·74 72 92

6 months Both 24·79 44·76 37·96 35 45

12 months Children 29·38 41·35 30·79 20 25

12 months Adult 12·06 46·06 44·82 176 224

12 months Both 21·81 44·56 41·31 49 62

HbA1c

3 months Children –0·38 0·98 1·10 94 119

3 months Adult –0·38 1·02 1·29 116 148

3 months Both –0·41 1·03 1·22 94 120

6 months Children –0·57 1·18 1·35 62 79

6 months Adult –0·44 1·27 1·50 124 158

6 months Both –0·56 1·27 1·47 75 95

12 months Children –0·68 1·31 1·67 61 77

12 months Adult –0·31 1·32 1·70 299 379

12 months Both –0·54 1·35 1·75 104 132

BETA-2 score

3 months Children 1·98 6·84 6·68 145 184

3 months Adult 1·86 6·28 5·70 129 164

3 months Both 1·98 6·70 6·43 137 174

6 months Children 2·65 8·25 6·61 99 126

6 months Adult 2·78 6·57 6·20 66 84

6 months Both 2·85 7·88 6·69 82 104

12 months Children 2·88 8·37 6·57 85 108

12 months Adult 2·08 5·79 4·70 80 102

12 months Both 2·70 7·22 6·06 76 97

Insulin dose adjusted A1c

3 months Children –0·69 1·79 2·26 109 138

3 months Adult –0·72 1·40 2·09 76 97

3 months Both –0·74 1·77 2·28 95 120

6 months Children –0·94 2·22 2·49 79 100

6 months Adult –0·91 1·81 2·50 72 91

6 months Both –1·01 2·21 2·60 71 91

12 months Children –1·13 3·03 3·01 89 113

12 months Adult –0·83 1·70 2·93 104 132

12 months Both –1·14 2·80 3·18 86 109

(Table 2 continues on next page)
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level of p<0·05 for two-sided tests. Extending the study 
to a 12-month endpoint did not reduce the sample size 
required. The use of insulin dose adjusted A1c rather 
than HbA1c as an endpoint reduced the sample size 
required in adults but not children (table 2). The 
BETA-2 score which obviates the requirement for mixed 
meal tolerance challenge testing required similar 
sample sizes to HbA1c (appendix pp 16).

Discussion
We have shown in this individual participant data meta-
analysis that successful disease-modifying therapy 
resulting in C-peptide preservation improves metabolic 
outcomes in type 1 diabetes, notably glycaemic control 
as measured by HbA1c. Preservation of approximately 
20% greater stimulated C-peptide levels compared with 
controls results in a clinically important improvement 
in HbA1c (0·5%). Furthermore, this effect shows linear 
proportionality, with higher initial C-peptide and greater 
degrees of C-peptide preservation being associated with 
a greater effect on HbA1c. For example, initial AUC 
C-peptide levels of greater than 0·92 nmol/L and 
preservation of greater than 76% of initial values was 
associated with maintenance of mean HbA1c levels 
at around 6%. The onset of the effect is rapid, with 
differences being apparent within 3 months of com
mencing treatment. This effect was seen in aggregated 
prospective intervention trials and replicated in the 
cohort analysis of the association between decline in 
C-peptide and HbA1c in the larger dataset of all study 
participants (including positive and negative studies). 

These data therefore provide strong support for the 
paradigm that treatments to preserve β-cell function 
will allow more individuals to reach glycaemic targets 
than insulin therapy alone. Quantification of the 
duration of metabolic benefits associated with C-peptide 
preservation are still required as our findings at 2 years 
regarding metabolic benefits were less robust. However, 
almost all the trials were not designed to address this 
issue. The less robust conclusions at 2 years are 
therefore likely due to a combination of treatment only 
being given in the first year in all but one study and 
reduced statistical power due to lower numbers with 
2-year data.

Our data also indicate that the not observing significant 
metabolic improvement in previous studies despite 
C-peptide preservation was largely due to inadequate 
sample size rather than a failure of C-peptide to accurately 
reflect β-cell function. The spectrum of immunotherapies 
targeting diverse pathways used in the positive studies in 
our dataset achieved a mean of 29% greater C-peptide 
preservation compared with controls in children at 
6 months and 18% greater C-peptide preservation in 
adults also at 6 months. This translates to a sample size 
requirement of around 62 children or 114 adults per 
study group to detect a difference of 0·57% and 0·44% in 
HbA1c, respectively. By comparison, the largest of the 
individual positive studies had 63 adults in the control 
group,11 whereas the remainder had between 
16 and 34 participants per group.

The status of AUC C-peptide as a surrogate endpoint 
for regulatory approval of disease-modifying inter
ventions has been widely debated in recent years.19 
Although C-peptide qualifies in terms of biological 
plausibility and likely causality, it has previously been 
difficult to show proportionality of clinical benefit to 
C-peptide. Our data provide clarification, suggesting an 
essentially linear, proportional relationship between 
C-peptide preservation and HbA1c at least down to 
C-peptide levels less than 22% of the level at month 3 
after study entry. Our data showing a direct effect of 
C-peptide preservation on HbA1c levels in prospective 
studies of disease-modifying therapies, substantially 
adds to the evidence cited by Palmer and colleagues,19 
which used the DCCT study to show an association 
between C-peptide and metabolic outcomes. This 
provides robust supportive evidence that AUC C-peptide 
can be used as a reasonably likely surrogate endpoint, 
which could be a key factor in regulatory decisions. AUC 
C-peptide is also more efficient than metabolic markers 
in showing the efficacy of a disease-modifying 
intervention in type 1 diabetes. Our data indicate that 
6 months could be long enough for a primary outcome in 
proof-of-concept studies (phase 2), although later 
timepoints will probably be required in phase 3 trials to 
show durability.

Composite outcomes adjusting for insulin use might 
have an advantage over HbA1c. Insulin dose adjusted A1c 

Age 
group

Observed 
mean 
difference*

Active 
group 
(SD)

Control 
group 
(SD)

Sample size 
for each 
group (1:1), 
one-sided

Sample size 
for each 
group (1:1), 
two-sided

(Continued from previous page)

Level 2 or 3 hypoglycaemia

6 months Children –0·50 5·06 6·28 1609 2043

6 months Adult –0·62 4·57 6·37 989 1256

6 months Both –0·52 4·79 6·31 1436 1823

12 months Children –1·16 7·80 10·95 831 1055

12 months Adult –1·23 7·79 11·66 804 1021

12 months Both –1·13 7·79 11·28 911 1156

Level 3 hypoglycaemia

6 months Children –0·02 0·26 0·35 2939 3731

6 months Adult –0·01 0·14 0·16 2795 3549

6 months Both –0·01 0·20 0·27 6981 8862

12 months Children 0·004 0·44 0·38 130 607 165 808

12 months Adult –0·01 0·19 0·19 4464 5668

12 months Both –0·01 0·33 0·30 12 298 15 612

Children are those younger than 18 years and adults are those 18 years and older. *C-peptide preservation (% preserved 
from baseline), HbA1c, and insulin dose adjusted A1c difference, hypoglycaemic events (total frequency at 6 or 12 
months). Power was set to 80% and alpha at 0·05 for all sample size calculations.

Table 2: Exemplar sample size calculations for different endpoints and follow-up for children, and both 
populations
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appears to be an attractive choice in adults, requiring 
similar sample sizes between adults and children. The 
BETA-2 composite score is convenient as it can be used 
with fasting samples only and no requirement for meal 
stimulated measurements: it requires similar sample 
sizes to HbA1c.

The relationship between C-peptide and hypo
glycaemia was more difficult to define in the current 
dataset. The hypoglycaemic data were non-standardised 
and many events were most likely missed given 
the scarcity of continuous glucose monitoring data. 
Analysis of the whole dataset showed that higher levels 
of C-peptide at baseline or 1 year after study entry were 
associated with less frequent hypoglycaemic events as 
early as 3 months beyond baseline. However, there 
were too few hypoglycaemic events and too wide 
variation in numbers of recorded events to confirm 
a causative role for C-peptide in the positive studies. In 
the absence of a more systematic capture of 
hypoglycaemic events, our data suggest that large 
numbers of participants are required to power a trial 
based on this clinical outcome.

Our results on ethnicity need careful interpretation, 
White individuals were substantially more likely to 
be in positive studies. This finding was mainly driven 
by the largest negative study (Protégé),18 which 
recruited a large number of participants from the 
Indian sub-continent who had lower C-peptide 
concentrations, higher insulin use, and higher HbA1c 
than those recruited from North America and Europe.18 
Our finding is most likely due to these baseline 
differences rather than a genuine interaction in 
immunotherapy effect by ethnicity.

We observed higher insulin use in positive studies. 
This finding is most likely a reflection of the scarcity 
of standardised insulin titration across the studies 
rather than being related to their outcome: if anything, 
higher insulin use will underestimate the benefits 
of immunotherapy, as controls also received more 
insulin. This conclusion is supported by the finding 
that the results were similar when adjusting HbA1c for 
insulin dose as seen with the metric insulin dose 
adjusted A1c.

The strengths of our study are the large sample 
size, inclusion of multiple and diverse successful 
interventions, and the availability of substantial 
amounts of data at 2 years. Weaknesses include the 
heterogeneity in study populations between trials and 
particularly the heterogeneity and under-reporting of 
hypoglycaemia. Differences in age (children vs adults), 
BMI, ethnic origin, and baseline C-peptide levels all 
effect metabolic outcomes in addition to C-peptide 
preservation. A clinical trial simulation tool is under 
development based on our dataset. This tool will enable 
users to model different trial design scenarios, 
endpoints, and treatment effect sizes starting with 
different populations.

In summary, we have provided strong evidence that 
interventions that preserve β-cell function are effective at 
improving metabolic outcomes in new-onset type 1 
diabetes. Furthermore, we have quantified this relationship 
by showing that improvements in HbA1c are directly 
proportional to the degree of C-peptide preservation, 
supporting the use of C-peptide as a surrogate endpoint in 
clinical trials. Optimal metabolic control remains an 
unmet need in type 1 diabetes. The evidence presented 
here supports consideration of an alternative approach to 
address this, focussing on treatment of the disease 
(autoimmune destruction of β cells), rather than relying 
on insulin to treat the resulting disability (insulin 
deficiency).
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