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A B S T R A C T   

Aims: We aimed to estimate effects of insulin pump therapy (IPT) on HbA1c level, HbA1c variability, and risk of 
hospitalised diabetic ketoacidosis (DKA) and severe hypoglycaemia (SH), compared with multiple daily insulin 
injections (MDI). 
Methods: We identified a cohort of all adults with type 1 diabetes in Denmark using national registry data and 
assigned each individual to either IPT (treatment) or MDI (control) from 2010 to 2020. We estimated average 
treatment effects on the treated (ATT) and treatment effects among population subgroups using treatment- 
staggered difference-in-differences. 
Results: The cohort consisted of 26,687 individuals with a collective 243,601 person-years of observation; 38,823 
(16 %) were IPT person-years. We identified an ATT for HbA1c of − 0.33 % (95 % CI − 0.39 to − 0.27; − 3.6 mmol/ 
mol [95 % CI − 4.2 to − 2.9]). ATTs were larger among women and individuals who were older, had highest 
baseline HbA1c, and used continuous glucose monitoring. ATT for HbA1c variability (− 0.016 % [− 0.028 to 
− 0.0041); − 0.17 mmol/mol [95 % CI − 0.30 to − 0.045]) corresponded to a 6.5 % decrease in the standard 
deviation of HbA1c. ATTs for DKA and SH corresponded to 0.52 additional and 0.11 fewer hospitalisations per 
1,000 person-years, respectively. 
Conclusions: IPT significantly reduced HbA1c level and variability, compared with MDI. However, it also 
marginally increased the risk of hospitalised DKA.   

1. Introduction 

Continuous subcutaneous insulin infusion via an insulin pump is an 
increasingly popular means of achieving and maintaining near-normal 
blood glucose among people with type 1 diabetes (T1D). An estimated 
63 % of adults with T1D in the US and 5–15 % of those in Europe use one 
[1,2]. The increasing uptake of insulin pump therapy (IPT) follows 
several meta-analyses of randomised controlled trials (RCTs) conducted 
in the past two decades of which most found a significant reduction in 
HbA1c, compared with conventional treatment with multiple daily 

insulin injections (MDI) [3–7]. Although some RCTs have found reduced 
risk of diabetic ketoacidosis (DKA) and severe hypoglycaemia (SH), 
meta-analyses have found no or little effect on both outcomes or even an 
increased risk of DKA following IPT initiation [4,7,8]. 

The impact of IPT on health outcomes has also been investigated in 
several observational studies [1,2,9–23]. Most of these studies have 
found that IPT is associated with lower HbA1c levels, compared with 
MDI, and that this difference is similar in magnitude to decreases 
identified in RCTs [1,2,9–22]. Also, observational studies have found 
that IPT is associated with reduced risk of DKA and SH [11,14]. An 
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exception is the study by Steineck et al. [16] that found no difference in 
average HbA1c level or average risk of SH between IPT and MDI users. 
Whereas HbA1c level is arguably the most used measure of long-term 
glycaemic control, some observational studies have also investigated 
how HbA1c varies within individuals over time [15,16]. One study found 
that IPT was associated with less variability in HbA1c [15], which is 
particularly relevant because higher HbA1c variability is associated with 
greater risk of diabetic retinopathy [16]. Moreover, the association be-
tween IPT and HbA1c has been found to vary across sex, age groups, 
baseline HbA1c, and use of real-time or intermittently scanned contin-
uous glucose monitoring (rtCGM/isCGM), indicating that population 
averages likely conceal substantial underlying heterogeneity in treat-
ment effect [9,11,13,17–22]. Indeed, a recent cohort study from Scot-
land found a significant association between initiation of IPT and 
average reduction in HbA1c (− 0.51 %; − 5.5 mmol/mol), and that those 
reductions were largest among individuals with high baseline HbA1c, 
women, and younger adults. DKA and SH hospitalisation rates were also 
lower after starting IPT (49.6 vs 67.9 events per 1,000 person-years and 
17.8 vs 25.8 events per 1,000 person-years, respectively). 

Whereas current observational studies contribute ample evidence of 
an existing association between IPT and improved health outcomes that 
complements that of RCTs, causal inference is limited by design [24]. 
Natural or quasi-experimental research designs are becoming increas-
ingly popular as a means to overcome this limitation and evaluate causal 
effects of, e.g., health care policies or treatments using real-world, 
observational data [25,26]. Like the randomisation process in RCTs, 
the goal of such designs is to control for both observed and unobserved 
confounding under a potential outcomes framework by exploiting quasi- 
random variation in routinely collected data [25–27]. 

In the present paper, we aimed to estimate effects of IPT on HbA1c 
level, HbA1c variability, and risk of hospitalised DKA and SH, compared 
with MDI, in a real-world setting. To this end, we employed a quasi- 
experimental approach using prospectively collected, longitudinal reg-
istry data on the entire population of adults with T1D in Denmark from 
2010 to 2020. Specifically, we analysed average and dynamic treatment 
effects using treatment staggered difference-in-differences. In Denmark, 
most individuals with T1D are seen in specialist diabetes outpatient 
clinics, and treatment is fully subsidised by the public healthcare system. 
According to national guidelines, IPT may be considered, and is assumed 
to be most effective, for individuals who fail to achieve an HbA1c of 7.0 
% (53 mmol/mol) or experience recurring hypoglycaemia using MDI 
[28]. However, as indicated in previous studies, other characteristics 
may also explain heterogeneity in treatment effects. Thus, we also 
analysed effects of IPT across various subgroups, including sex, age 
groups, educational attainment, baseline HbA1c, and use of rtCGM/ 
isCGM, compared with MDI. 

2. Material and methods 

2.1. Data sources 

The data used in this study come from national Danish registries, 
including the National Patient Registry (NPR) [29], the Register of 
Laboratory Results for Research (RLRR) [30], the National Prescription 
Registry (NPPR) [31], the Population Registry (PR) [32], the Education 
Registry (ER) [33], and the Income Registry (IR) [34]. We accessed the 
registers through a secure server at Statistics Denmark and linked data 
together at the individual level using the national personal identification 
number (CPR-number). The study was approved by the Scientific Board 
of Statistics Denmark and the Danish Data Protection Agency (P- 
2019–812). In Denmark, ethical approval is not required for register- 
based studies. The study was therefore exempted from review by the 
Capital Region of Denmark’s Research Ethics Committee (19080899)). 
The study is registered as an observational patient registry study on Cl 
inicalTrial.gov (NCT04311164). 

2.2. Study population 

We identified all adults (≥18 years) who were alive and residing in 
Denmark as of 2020 who had ever been diagnosed with T1D as regis-
tered in the NPR (n = 60,092). Electronic supplementary material (ESM) 
1 contains a list of considered diagnostic codes for T1D. Subsequently, 
we defined a cohort starting in 2010 and ending in 2020, each year using 
insulin prescription data from the NPPR to validate true positive cases 
based on a nationally validated algorithm (ESM 2) [35]. Newly diag-
nosed adults and children with T1D turning 18 entered the cohort during 
the study period. 

2.3. Exposure 

To distinguish between IPT (treatment group) and MDI (control 
group), we developed an algorithm that identified each individual as an 
insulin pump user in each year if:  

1. at least one insulin pump procedure code had been registered in the 
NPR, or 

2. the latest redeemed prescription registered in the NPPR was for in-
sulin pump-specific insulin (i.e., pre-filled cartridges or vials for 
refilling insulin pump reservoirs). 

If neither condition was met, we identified an individual as an MDI 
user in that year. The algorithm relied on the fact that virtually all MDI- 
using individuals with T1D in Denmark use pre-filled injection pens, not 
syringes and vials. Algorithm sensitivity (97.4 %), specificity (99.3 %), 
and accuracy (98.8 %) were calculated using an external dataset (ESM 
3). If individuals in the cohort switched from MDI to IPT or vice versa, 
they contributed person-years to both the treatment and control groups. 

2.4. Outcomes 

Our primary outcome was HbA1c level. Secondary outcomes were 
HbA1c variability, and hospitalised DKA and SH. Using all available 
HbA1c measurements in the RLRR, we calculated average yearly HbA1c 
and computed its standard deviation (HbA1c variability). Incident DKA 
and SH hospitalisations came from the NPR and were based on ICD-10 
diagnostic codes (ESM 4). HbA1c and HbA1c variability were treated as 
continuous variables; DKA and SH hospitalisations were dichotomised 
as either occurring or not in each year. 

2.5. Covariates 

From the PR, ER, and IR registries, we obtained data on socio- 
demographic covariates including sex, age, marital status, educational 
attainment, annual disposable income, country of origin, and region of 
residence. Health-related covariates came from the NPR, including 
diabetes duration, diabetes-related microvascular and macrovascular 
complications (ESM 5), and history of severe depression and/or anxiety 
(ESM 6). To account for comorbidities not directly attributable to dia-
betes, we computed a 10-year Charlson Comorbidity Index score, 
reflecting 1-year all-cause mortality risk [36]. Finally, we extracted data 
on health care utilisation defined as all-cause and diabetes-related 
inpatient and outpatient hospital contacts, including telephone consul-
tations. Data on use of rtCGM/isCGM alongside IPT was only available 
for 2020; however, because rtCGM/isCGM users likely differ systemat-
ically from non-users [21], adjusting for it controls for some of the po-
tential selection bias arising from selection into IPT. 

2.6. Statistical methods 

To estimate average treatment effects on the treated (ATTs), we used 
Callaway, Sant’Anna and Zhao’s improved doubly robust difference-in- 
differences (iDRDID) estimator for treatment-staggered, quasi- 
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experimental study designs [37,38]. When treatment assignment is not 
random and starts for different individuals at different timepoints, the 
estimator can produce causally interpretable ATTs under the assumption 
of parallel trends in pre-treatment outcomes. To obtain parallel trends, 
the iDRDID estimator imitates randomisation by estimating the condi-
tional propensity score of being treated using inverse probability tilting, 
essentially creating a weighted pseudo-population where all covariates 
are evenly distributed or ‘matched’ between groups before treatment. 
Those weights are then used in weighted least squares regressions to 
obtain ATTs (ESM 7 contains further details about the estimator). 

In our implementation of the iDRDID estimator, we adjusted for all 
covariates mentioned in section 2.5 to obtain parallel trends in pre- 
treatment outcomes, and estimated averages of all treatment effects (i. 
e., a single ‘pooled’ ATT) and dynamic ATTs (i.e., treatment effects over 
time). We used individuals who were never-treated (always MDI) and 
not-yet-treated as controls and imposed an irreversibility of treatment 
restriction to satisfy another key assumption of the estimator. We 
considered pre-treatment trends in outcomes between groups signifi-
cantly indistinguishable from 0 at p > 0.05. The unit of analysis was 
person-years for which outcome data were available. All analyses were 
conducted using Stata version 17 (see ESM 7 for details on 
implementation). 

2.7. Subgroup analyses 

To assess potential heterogeneity effects, we estimated ATTs for each 
outcome for the following subgroups: male vs female, below vs above 
median age, age groups (≥18 to 24 years, ≥ 25 to 44 years, ≥ 45 to 64 
years, and ≥ 65 years), low vs high educational attainment (primary 
school and high school or vocational school vs short or medium and long 

higher education), below vs above median HbA1c, HbA1c groups (<7.0 
% [53 mmol/mol], 7.0–7.4 % [53–57 mmol/mol], 7.5–7.9 % [58–63 
mmol/mol], 8.0–8.9 % [64–74 mmol/mol], and ≥ 9 % [75 mmol/mol], 
0 vs ≥ 1 diabetes-related complications, and Charlson comorbidity score 
of 0 vs ≥ 1. We also conducted subgroup analyses for use of rtCGM/ 
isCGM; however, because information on use of rtCGM/isCGM is not 
available in the NPR before 2020, we could not determine when a po-
tential additive effect of rtCGM/isCGM on IPT took place. 

2.8. Alternative model specifications and sensitivity analyses 

We tested several alternative identification strategies in sensitivity 
analyses to ensure the robustness of our main results, including DRDID 
using inverse probability weighting and ordinary least squares and using 
only never-treated individuals as controls. Furthermore, because fewer 
laboratories reported HbA1c results to the RLRR before 2015, we 
repeated HbA1c analyses using only 2015–2020 data to rule out possible 
selection bias arising in earlier years. 

3. Results 

3.1. Cohort characteristics 

The cohort consisted of 26,687 adults with T1D with a collective 
243,601 person-years of observation from 2010 to 2020; 38,823 (16 %) 
of these were IPT-treated person-years. Average observation time was 
9.9 years (range, 1–11). On average, 2.0 % of MDI users switched to IPT 
each year. Tables 1 and 2 depict socio-demographic and health-related 
characteristics, respectively, in person-years by treatment status. IPT 
users were, on average, younger, higher educated, and more likely to be 

Table 1 
Socio-demographic characteristics in person-years from 2010 to 2020.   

Total MDI IPT p-value  
N ¼ 243,601 N ¼ 204,778 N ¼ 38,823  

Age in years, median (quartiles) 47 (34–59) 49 (36–61) 38 (24–51)  <0.001 
Age groups, n (%)     <0.001 
18–24 years 27,979 (11.5) 17,452 (8.5) 10,527 (27.1)  
25–44 years 77,755 (31.9) 64,317 (31.4) 13,438 (34.6)  
45–64 years 94,583 (38.8) 82,129 (40.1) 12,454 (32.1)  
≥65 years 43,284 (17.8) 40,880 (20.0) 2,404 (6.2)  
Sex, n (%)     <0.001 
Male 140,884 (58.4) 123,607 (61.1) 17,277 (44.6)  
Female 100,199 (41.6) 78,730 (38.9) 21,469 (55.4)  
Marital status, n (%)     <0.001 
Not marrieda 123,796 (54.3) 102,449 (53.7) 21,347 (57.5)  
Married 104,096 (45.7) 88,328 (46.3) 15,768 (42.5)  
Highest completed education, n (%)     <0.001 
Primary school 63,943 (26.5) 55,691 (27.5) 8,252 (21.3)  
High school or vocational school 119,092 (49.4) 100,904 (49.9) 18,188 (47.0)  
Short or medium higher educationb 37,782 (15.7) 29,763 (14.7) 8,019 (20.7)  
Long higher educationc 20,220 (8.4) 15,942 (7.9) 4,278 (11.0)  
Annual disposable income in 1000 s DKK, median (quartiles) 242.3 (178.7–323.3) 238.1 (177.0–318.7) 260.8 (188.9–340.6)  <0.001 
Country of origin, n (%)     <0.001 
Denmark 227,603 (94.4) 190,484 (94.1) 37,119 (95.8)  
Other Nordic countriesd 1,545 (0.6) 1,185 (0.6) 360 (0.9)  
Other non-Nordic countries 11,935 (5.0) 10,668 (5.3) 1,267 (3.3)  
Region, n (%)     <0.001 
The North Denmark Region 26,579 (11.0) 22,744 (11.2) 3,835 (9.9)  
Central Denmark Region 56,004 (23.2) 45,734 (22.6) 10,270 (26.5)  
Region of Southern Denmark 56,037 (23.2) 47,183 (23.3) 8,854 (22.9)  
Capital Region of Denmark 68,138 (28.3) 56,609 (28.0) 11,529 (29.8)  
Region Zealand 34,325 (14.2) 30,067 (14.9) 4,258 (11.0)  

Crude between-group differences in proportions and medians between IPT-exposed person-years and MDI-exposed person-years were assessed with Chi-squared and 
Wilcoxon rank-sum tests, respectively. The same individual may represent between 1 and 11 person-years and contribute person-years to both groups. Abbreviations: 
MDI, multiple daily insulin injections; IPT, insulin pump therapy; DKK, Danish krone. 

a includes widow/widower, divorced, surviving partner, and terminated partnership. 
b includes degrees from business academy and vocational college educations. 
c includes university degrees (bachelor, master, and doctorate degrees). 
d includes Norway, Sweden, Finland, and Iceland. 
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women compared with MDI users (Table 1). In terms of health-related 
characteristics, rtCGM/isCGM use was more pronounced among IPT 
users, who also had lower mean Hba1c and more hospital contacts 
(Table 2). In general, the use of IPT in Denmark has grown markedly 
since the introduction of treatment guidelines in 2007 (ESM 8). 

3.2. HbA1c 

In the period 2010 to 2020, mean HbA1c was 8.1 % (64.8 mmol/mol) 
in MDI person-years and 7.8 % (62.2 mmol/mol) in IPT person-years 
(Table 2), corresponding to a crude difference of − 0.24 % (-2.6 

mmol/mol, p < 0.001). The adjusted ATT for HbA1c was − 0.33 % (95 % 
CI − 0.39 to − 0.27; − 3.6 mmol/mol [95 % CI − 4.2 to − 2.9]), an average 
5.3 % relative decrease in HbA1c, compared with MDI (Table 3). HbA1c 
primarily decreased within the first year of IPT (− 0.40 % [95 % CI 
− 0.46 to − 0.33]; − 4.3 mmol/mol [95 % CI − 5.0 to − 3.6]), and the 
effect was sustained up to eight years with only small fluctuations in 
HbA1c (Fig. 1, panel A). The adjusted ATT for HbA1c variability was 
− 0.016 % (95 % CI − 0.028 to − 0.0041; − 0.17 mmol/mol [95 % CI 
− 0.30 to − 0.045), corresponding to an average 6.5 % relative decrease 
in HbA1c standard deviation, compared with MDI (Table 3). Dynamic 
ATTs showed a decreasing trend in HbA1c variability as a function of 

Table 2 
Health-related characteristics in person-years from 2010 to 2020.   

Total MDI IPT p-value  
N ¼ 243,601 N ¼ 204,778 N ¼ 38,823  

HbA1c %, mean (SD) 8.0 (1.4) 8.1 (1.4) 7.8 (1.2)  <0.001 
HbA1c mmol/mol, mean (SD) 64.3 (15) 64.8 (15) 62.2 (13)  <0.001 
HbA1c variability %, mean (SD) 0.2 (0.3) 0.2 (0.3) 0.2 (0.2)  0.001 
HbA1c variability mmol/mol, mean (SD) 2.3 (3.0) 2.3 (3.1) 2.0 (2.3)  0.001 
HbA1c groups % (mmol/mol), n (%)     <0.001 
< 7.0 (<53) 27,325 (20.3) 22,097 (20.0) 5,228 (21.9)  
7.0–7.4 (53–57) 20,831 (15.5) 16,453 (14.9) 4,378 (18.4)  
7.5–7.9 (58–63) 26,337 (19.6) 21,056 (19.1) 5,281 (22.2)  
8.0–8.9 (64–74) 33,535 (25.0) 27,868 (25.2) 5,667 (23.8)  
≥ 9.0 (≥75) 26,283 (19.6) 23,014 (20.8) 3,269 (13.7)  
Diabetes duration, n (%)     <0.001 
< 25 years 117,003 (48.0) 96,520 (47.1) 20,483 (52.8)  
≥ 25 years 126,598 (52.0) 108,258 (52.9) 18,340 (47.2)  
History of diabetes complications, n (%)     
Diabetic ketoacidosisa 5,057 (2.1) 4,153 (2.0) 904 (2.3)  <0.001 
Severe hypoglycaemiaa 5,763 (2.4) 5,097 (2.5) 666 (1.7)  <0.001 
Retinal complicationb 79,142 (32.5) 63,326 (30.9) 15,816 (40.7)  <0.001 
Neurological complicationb 17,970 (7.4) 15,247 (7.4) 2,723 (7.0)  0.003 
Renal complicationb 41,006 (16.8) 35,009 (17.1) 5,997 (15.4)  <0.001 
Cardiovascular disease b 48,320 (19.8) 42,170 (20.6) 6,150 (15.8)  <0.001 
Cerebrovascular diseaseb 7,199 (3.0) 6,461 (3.2) 738 (1.9)  <0.001 
Macrovascular atherosclerotic diseaseb 4,778 (2.0) 4,360 (2.1) 418 (1.1)  <0.001 
Diabetic foot or leg ulcerb 16,594 (6.8) 13,606 (6.6) 2,988 (7.7)  <0.001 
Amputation of lower extremityb 906 (0.4) 821 (0.4) 85 (0.2)  <0.001 
Charlson comorbidity index, mean (SD) 0.6 (1.0) 0.7 (1.0) 0.5 (0.8)  <0.001 
History of depressionb, n (%) 7,200 (3.0) 5,694 (2.8) 1,506 (3.9)  <0.001 
History of anxietyb, n (%) 2,429 (1.0) 1,866 (0.9) 563 (1.5)  <0.001 
Type 1 diabetes hospital contacts, median (quartiles) 2 (0–4) 2 (0–4) 3 (1–5)  <0.001 
Any hospital contact, median (quartiles) 3 (1–6) 3 (1–5) 4 (2–7)  <0.001 
rtCGM/isCGM usec, n (%) 74,315 (31.7) 53,975 (27.5) 20,340 (53.3)  <0.001 

Crude between-group differences in proportions, means, and medians between IPT-exposed person-years and MDI-exposed person-years were assessed with Chi- 
squared, two-sample Student’s t-tests, and Wilcoxon rank-sum tests, respectively. The same individual may represent between 1 and 11 person-years and 
contribute person-years to both groups. ESM 9 contains additional health status characteristics on lipids and kidney function. Abbreviations: MDI, multiple daily 
insulin injections; IPT, insulin pump therapy; rtCGM/isCGM, real-time continuous glucose monitoring/intermittently scanned continuous glucose monitoring; ESM, 
electronic supplementary material. 

a counted yearly if occurred between 2010 and 2020. 
b counted yearly if ever occurred from 1994. 
c use of rtCGM/isCGM at any time point assumed if use was registered in 2020. 

Table 3 
Pooled unadjusted and adjusted average treatment effects of IPT.   

ATT 95 % CI Relative or absolute change N 

HbA1c % (mmol/mol) − 0.37 (− 4.0)a − 0.42 to − 0.31 (− 4.6 to − 3.4)  − 5.9 % 111,910 
− 0.33 (− 3.6)b − 0.39 to − 0.27 (− 4.2 to − 2.9)  − 5.3 % 104,502 

HbA1c SD % (mmol/mol) − 0.017 (− 0.19)a − 0.029 to − 0.0067 (− 0.31 to − 0.073)  − 7.3 % 111,908 
− 0.016 (− 0.17)b − 0.028 to − 0.0041 (− 0.30 to − 0.045)  − 6.5 % 104,500 

DKA risk 0.0037a − 0.0016 to 0.0091  0.11/1,000 py 217,760 
0.018b 0.010 to 0.025  0.52/1,000 py 195,308 

SH risk − 0.0080a − 0.015 to − 0.0014  -0.26/1,000 py 217,760 
− 0.0020b − 0.012 to 0.0075  -0.064/1,000 py 195,308 

All adjusted models satisfied the parallel trends assumption at p > 0.05. Abbreviations: ATT, average treatment effect on the treated; CI, confidence interval; py, 
person-years; SD, standard deviation; DKA, diabetic ketoacidosis; SH, severe hypoglycaemia. 

a unadjusted model. 
b adjusted model. 
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time with IPT, compared with MDI (Fig. 1, panel B). All estimations 
satisfied the parallel trends assumption after adjusting for pre-treatment 
covariates. 

3.3. Hospitalised DKA and SH 

Of a total of 5,057 DKA hospitalisations from 2010 to 2020, a larger 
share occurred in IPT person-years (23.3/1,000 IPT person-years vs 
20.3/1,000 MDI person-years, p < 0.001). Conversely, of 5,763 SH 
hospitalisations, relatively fewer occurred in IPT person-years (17.2/ 
1,000 IPT person-years vs 24.9/1,000 MDI person-years, p < 0.001). The 
adjusted ATT for DKA hospitalisations was 0.018 (95 % CI 0.010 to 
0.025), corresponding to a 1.8 % increase in risk or 0.52 extra events/ 
1,000 person-years, compared with MDI users (Table 3). The first three 
years of IPT contributed the most to this effect. For example, two years 
after treatment initiation, the ATT was 0.020 (95 % CI 0.0092 to 0.032) 
(Fig. 1, panel C). The adjusted ATT for SH hospitalisations was − 0.0020 
(95 % CI − 0.012 to 0.0075] (Table 3), and risk differences between IPT 
and MDI users did not differ over time (Fig. 1, panel D). As with HbA1c, 
all adjusted analyses satisfied the parallel trends assumption. 

3.4. Subgroup analyses for HbA1c 

Pooled and dynamic ATTs in subgroups are presented in ESM 10. On 
average, women switching to IPT had both larger and longer sustained 
decreases in HbA1c, compared with men; HbA1c variability did not differ 
between sexes (ESM 10.1). Those who were above the median age at IPT 

initiation had larger decreases in HbA1c and HbA1c variability than those 
who were below it (ESM 10.2). In analyses stratified by age groups, the 
largest decreases were observed in individuals aged 47–58 years (ESM 
10.3). Decreases in HbA1c following IPT initiation did not differ by 
educational attainment; however, HbA1c variability decreased more in 
individuals with lower educational attainment (ESM 10.4). No differ-
ences were observed in HbA1c and HbA1c variability among those with a 
baseline HbA1c above the median (ESM 10.5); however, in analyses 
stratified by HbA1c groups, the largest decrease in HbA1c and HbA1c 
variability after IPT initiation was observed in those with baseline 
HbA1c ≥ 9.0 % (≥75 mmol/mol) (ESM 10.6). HbA1c also decreased more 
in individuals with at least one diabetes-specific complication, 
compared with no complications (ESM 10.7), and in those with a 
Charlson index score ≥ 1, compared with a score of 0 (ESM 10.8). An-
alyses of rtCGM/isCGM showed larger decreases in HbA1c level but not 
HbA1c variability among users who switched to IPT, compared with non- 
rtCGM/isCGM users (ESM 10.9). 

3.5. Subgroup analyses for hospitalised DKA and SH 

Risk of DKA and SH hospitalisations did not differ after IPT initiation 
in subgroup analyses of sex (ESM 10.1) and age (ESM 10.2 and 10.3), but 
individuals with less education had a consistently higher risk of DKA 
hospitalisation than those with more education (ESM 10.4). DKA hos-
pitalisation risk was also higher among those whose baseline HbA1c level 
was above the median (ESM 10.5). We found no differences in DKA and 
SH hospitalisation risk by diabetes complications, comorbidity status, or 

Fig. 1. Unadjusted and adjusted dynamic average treatment effects of IPT. Panel (A): HbA1c level. Panel (B): HbA1c variability. Panel (C): Risk of hospitalised 
diabetic ketoacidosis. Panel (D): Risk of hospitalised severe hypoglycaemia. T + 0 indicates IPT initiation. The horizontal red line represents the counterfactual/ 
potential outcome of those initiating IPT. All available observations were used to estimate the pooled ATTs; however, only dynamic ATTs from four years before to 
eight years after IPT initiation are shown in the figure due to large confidence intervals in the ends. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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rtCGM/isCGM use (ESM 10.7 to ESM 10.9). 

3.6. Alternative model specifications and sensitivity analyses 

The alternative DRDID models yielded ATTs like those of the main 
analyses and using only the never-treated individuals as controls had no 
impact on estimated ATTs. Restricting analyses to data from 2015 to 
2020 yielded slightly smaller ATTs in the pooled analyses with regards 
to HbA1c (− 0.24 % [95 % CI − 0.30 to − 0.17]; − 2.6 mmol/mol [95 % CI 
− 3.3 to − 1.8]) (ESM 11). ATTs for HbA1c variability, and risk of hos-
pitalised DKA and SH were comparable to the main analyses (ESM 11). 

4. Discussion 

Achieving and maintaining near-normal blood glucose and avoiding 
acute glycaemic complications remain challenging for many people with 
T1D, and solutions are often sought in devices such as insulin pumps. In 
this real-world, quasi-experimental study of insulin delivery methods in 
Denmark, IPT reduced HbA1c by an average − 0.33 % (-3.6 mmol/mol), 
compared with MDI. Most of this effect occurred within a year of initi-
ation and was sustained for up to eight years. The identified effect is 
similar to that found in recent meta-analyses of RCTs (approximately 
− 0.37 % or − 4.0 mmol/mol) [4,7], but lower than the estimated asso-
ciation found in a real-world study of the Scottish population with T1D 
(-0.51 % or − 5.5 mmol/mol) [11]. A potential explanation for the effect 
difference of 0.18 % (1.9 mmol/mol) is that the Scottish study, due to 
non-random selection into IPT, employed a relatively crude within- 
individual analytical approach, potentially leading to an over-
estimation of IPT effects. Also, whereas the Scottish study excluded the 
two years before IPT, and thus also included effects from, e.g., educa-
tional interventions leading up to IPT, we defined our treatment start at 
therapy initiation. Based on previous studies, we would expect this to 
account for approximately 0.18 % (2.0 mmol/mol) [39]. 

With regards to HbA1c variability, an observational study of people 
with T1D found that IPT was associated with lower variability, consis-
tent with our findings [15]. Another study found that the risk of diabetic 
retinopathy was higher among those with greater HbA1c variability 
[16]. In general, the incidence of retinal complications far exceeds that 
of other microvascular complications among people with T1D, the 
Danish population being no exception. Thus, HbA1c variability may 
serve as an important risk factor for diabetes complications and IPT 
should be considered a valuable tool in decreasing it. 

Consistent with meta-analyses, we found an increased average risk of 
DKA hospitalisation following IPT [7], corresponding to 0.52 additional 
events per 1,000 person-years of IPT exposure [4,7,8]. A similar asso-
ciation, although statistically insignificant, has been found in another 
Danish register study [16]. Although this increase is arguably trivial in 
the bigger picture, our results nevertheless indicate that changing to IPT 
has unintended adverse effects for some that warrant attention in clin-
ical practice. Furthermore, our results contradict the results of Jeyam 
et al. [11] who observed substantially fewer DKA hospitalisations in the 
Scottish T1D population following IPT initiation. This difference could 
be attributed to inter-country differences in IPT practices. For example, 
whereas recurrent ketoacidosis is an exclusion criterion for IPT in 
Scotland, it is not in Denmark, which likely led to the higher HbA1c and 
DKA hospitalisation rates observed in the Scottish study’s MDI-using 
control group, potentially leading to overestimation of effects. More-
over, we cannot rule out that the increased incidence of DKA at least to 
some extent also can be explained by individuals on IPT having received 
more intensive education in, e.g., ketone testing resulting in more 
awareness to early symptoms of DKA. 

Effects of IPT differed across subgroups. For instance, men benefitted 
less from IPT than women in terms of HbA1c levels, as did those who 
were younger than the median age, compared with those who were 
older. Other studies have arrived at the same conclusions [11,20,40]. 
However, our analyses also revealed that the modest initial effect on 
HbA1c among men began to diminish already in the second year of 
therapy, whereas the effect continued to increase throughout the study 
period for women. We observed the same regarding old vs young. The 
mechanism behind this finding is beyond the scope of this study and 
demands further investigation; however, it is likely that the more laissez 
faire attitude towards one’s health often found in men also applies to 
men on IPT. Another frequent finding in studies and supported by ours is 
that the largest effects on HbA1c are observed in individuals with rela-
tively higher baseline HbA1c [11,17,18,22]. In fact, we found that in-
dividuals in all baseline HbA1c groups, except for the < 53 mmol/mol 
group (who were likely prescribed IPT on a hypoglycaemia indication 
rather than high HbA1c), experienced decreases in HbA1c after IPT 
initiation. Furthermore, we found that rtCGM/isCGM use explained a 
substantial amount of IPT’s effect on HbA1c. To the best of our knowl-
edge, this has not previously been analysed in a population-wide study, 
but the results are supported by RCTs [2,41]. We also assessed hetero-
geneity effects of demographic, socioeconomic, and health status char-
acteristics that had not yet been examined in a real-world setting. Our 
finding that the risk of DKA hospitalisation among those with lower 
educational attainment was twice that of individuals with higher edu-
cation, despite no differences in HbA1c by educational attainment, in-
dicates a potential need for increased support for less educated 
individuals starting IPT. 

Study strengths include the use of highly valid and prospectively 
collected data from nationwide registries, limiting selection, recall, and 
misclassification bias, and the use of a quasi-experimental study design 
enabling efficient estimation of ATTs. Central to the validity and causal 
interpretation of these estimates is the assumption of parallel trends in 
pre-treatment outcomes between treatment and control groups; all main 
analyses satisfied this assumption. Another key strength is the within- 
individual level of analysis that effectively adjusts for observed and 
unobserved time-invariant confounding within and across individuals. 
This is particularly important in settings where, for instance, conscien-
tiousness, genetics, quality of care, and other difficult-to-measure vari-
ables across the population are known determinants of treatment 
success. Finally, we highlight the several subgroup analyses facilitated 
by the large dataset that would be unfeasible to conduct in a traditional 
RCT. We emphasize that our findings do not supersede those of rigor-
ously conducted RCTs. Instead, our findings complement and to some 
extent confirm those of RCTs in the real world. One key limitation of our 
study is the lack of data from the Central Denmark Region. At the time of 
data extraction, they did not report laboratory results, including HbA1c, 
to the RLRR. Furthermore, DKA and SH hospitalisation data only include 
events severe enough to warrant emergency care. Both are potentially 
addressable issues in an RCT qua the rigorous data management plan-
ning usually employed. Finally, it is possible that our identified ATTs are 
slightly underestimated due to the treatment-staggered study design in 
which we assumed irreversibility of treatment. 

It is reassuring that the real-world effect of IPT on HbA1c is similar to 
effects identified in RCTs. Decision-makers and clinicians should inter-
pret this as lending support to the continued roll-out of IPT. Some in-
dividuals, however, such as the average male and individuals with lower 
educational attainment, may benefit less than others and require extra 
care to achieve glycaemic targets and avoid acute complications. 
Whether the identified magnitude of effect on HbA1c justifies the 
increased cost of IPT compared with MDI, regardless of an increased risk 
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of DKA, is important for health care prioritisation. This is something that 
warrants attention going forward, especially given the continuous 
development of diabetes technologies. Future studies should therefore 
focus on the real-world costs of IPT, potentially incorporating how de-
creases in HbA1c may translate into reducing the risk of diabetes 
complications. 
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