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ABSTRACT

Introduction: Sweden has amongst the highest
incidence rates of type 1 diabetes (T1D) in Eur-
ope. The high incidence and chronic nature of
T1D result in high prevalence and economic
burden. Improving glycemic control reduces
the incidence of microvascular complications,
which in turn reduces medical costs. The pre-
sent study aimed to quantify the reductions in
cost and improvements in quality-adjusted life
expectancy with varying reductions in HbAlc
in the T1D population.

Methods: The IQVIA CORE Diabetes Model was
used to simulate a typical Swedish population of
patients with T1D experiencing HbAlc reduc-
tions from 0.1% to 0.8% (in 0.1% increments)
from 7.9% at baseline. Analyses were conducted
in simulated cohorts based on data from the
Swedish National Diabetes Register (NDR) and
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in subgroups by sex, smoking status, and body
mass index (BMI), with different sets of quality-
of-life utilities included. Generalized least
squares (GLS) models were used to test for sig-
nificant differences between subgroups. Analy-
ses were also performed to investigate the effect
of the duration of HbAlc control. Analyses were
run over 50 years and outcomes discounted at
3% per annum.

Results: In the reference case analysis, reducing
HbA1c lowered the incidence of microvascular
and macrovascular complications and improved
quality-adjusted life expectancy. GLS models
identified a significantly larger benefit of
reducing HbAlc in women over men, but found
no significant differences in the magnitude of
quality of life improvements with decreasing
HbAlc when segregating by smoking status or
BMI.

Conclusions: Reducing HbAlc in a population
with T1D would reduce the incidence of
microvascular complications, improve life
expectancy and quality of life. Larger quality-of-
life benefits were observed in younger and
female adult patients, but no notable differ-
ences were observed in the benefits of glycemic
control in smokers versus non-smokers or in
patients with low or high BMI.
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INTRODUCTION

The Diabetes Incidence Study in Sweden (DISS)
reported an annual incidence of type 1 diabetes
of 21.4 per 100,000 in men and 17.1 per 100,000
in women aged 0-34 years with a cumulative
incidence of 0.748% in men and 0.598% in
women by age 35 [1]. Analyses of other Swedish
registries including the Prescribed Drug Register
(PDR) and National Diabetes Register (NDR)
have, however, yielded much higher estimates of
incidence than DISS, and Sweden has the second
highest standardized incidence of type 1 diabetes
of the 17 countries included in the EURODIAB
Study, second only to Finland [2, 3]. The high
incidence of type 1 diabetes combined with the
chronic nature of the condition results in a high
prevalence, and the comorbidities associated
with high blood glucose in turn result in a high
economic burden.

The Diabetes Control and Complications
Trial (DCCT) in patients with type 1 diabetes
demonstrated that improved glycemic control
leads to improved long-term clinical outcomes
[4]. Over an average of 6.5 years of follow-up,
intensive glycemic control in the DCCT (with a
median HbA1lc of 7% or 53 mmol/mol) resulted
in reductions in the incidence of retinopathy,
neuropathy, and nephropathy relative to con-
ventional glycemic control (with a median
HbA1lc of 9%) [4]. The Epidemiology of Diabetes
Interventions and Complications (EDIC) trial
was an observational extension of the DCCT
with the primary objective of investigating the
effects of intensive glycemic control on
macrovascular  complications and more
advanced stages of microvascular complica-
tions. After 20 years, 88% of the original cohort
were still being followed, showing major bene-
ficial effects of intensive glycemic control in
terms of advanced complications [5], including
retinopathy [6], glomerular filtration rate [7],
erectile dysfunction [8], and atherosclerosis
[9, 10]. However, the improvements in both
microvascular and macrovascular outcomes

were accompanied by increased rates of hypo-
glycemia and increased insulin use, which are in
turn associated with additional costs and
reduced quality of life. Studies conducted
specifically in Swedish populations have shown
the same correlation: patients with type 1 dia-
betes duration of at least 50 years without a
history of macrovascular disease were signifi-
cantly younger and had significantly lower
HbA1lc levels, body mass index (BMI), and
triglyceride levels than those with a history of
macrovascular disease [11].

The primary objective of the present analysis
was to use a published and validated model of
type 1 diabetes to evaluate the effects of differ-
ent improvements in glycemic control on clin-
ical outcomes and costs in a simulated cohort of
patients with type 1 diabetes in Sweden.
Secondarily, a series of analyses were run to
establish patient groups (age, sex, and BMI) in
which improving glycemic control would result
in the largest improvements in health-related
quality of life. The relative contributions of
different groups of complications to changes in
quality of life were also explored.

METHODS

Version 9.0 of the IQVIA CORE Diabetes Model
(CDM), a published, validated model of type 1
diabetes, was used to simulate clinical and eco-
nomic outcomes up to a 50-year time horizon
[12]. The CDM was used in type 1 diabetes mode
and was configured to use cardiovascular risk
models based on EDIC data, with no restrictions
to HbAlc adjustments. In the reference case
analysis, the simulated cohort was based pri-
marily on data from the Swedish NDR (Table 1)
[13]. History of diabetes complication incidence
at baseline was based on a number of studies from
the Swedish NDR [14, 15]. The cohort size was set
to 1000 patients and the CDM was configured to
perform 1000 bootstrap iterations for each anal-
ysis. Since the present analysis was based exclu-
sively on the outputs of a computer simulation
model, no studies of human or animal subjects
were performed by any of the authors as part of
the current work.
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Table 1 Mean baseline characteristics of the simulated
type 1 diabetes cohort as reported by Cederholm et al. [13]
(N = 3661)

Characteristic Value
Baseline age (years) 44.6
Bascline duration of diabetes (years) 28.0
Proportion male (%) 55.6
HbAlc [% (mmol/mol)] 7.9 (62.8)
SBP (mmHg) 130

BMI (kg/m?) 254

Total cholesterol [mg/dL (mmol/L)] 193.9 (5.0)
HDL [mg/dL (mmol/L)] 61.9 (1.6)
Smokers (%) 14.8

Costs of diabetes complications were based
on data from Gerdtham et al. and supple-
mented with data from Sveriges Kommuner och
Landsting [16-28]. Complication costs were
reported in 2015 Swedish kronor and future cost
and quality-adjusted life expectancy outcomes
were discounted at 3% per annum in line with
health economic guidance for Sweden [29]. No
insulin costs were captured in the analyses to
evaluate the magnitude of cost differences aris-
ing from differences in complication incidence
alone. In the reference case, nine analyses were
performed, starting with the baseline cohort
and reducing HbAlc by 0.1% in year 1 in each
of the other eight analyses. After the initial
reduction, HbAlc levels were held flat for the
remainder of the analysis although sensitivity
analyses were conducted around this assump-
tion. Other risk factors supported by the CDM
(including BMI, diastolic and systolic blood
pressure, serum lipid concentrations, and esti-
mated glomerular filtration rate) were left to
progress on the basis of the CDM default pro-
gressions, but with no differences between the
simulation arms.

Since lower plasma glucose levels are typi-
cally accompanied by an increased risk of
hypoglycemia, rates of non-severe hypo-
glycemia were increased alongside the reduced

HbAlc. The association between HbAlc and
non-severe hypoglycemia rates was based on a
second-order polynomial fit to a curve pub-
lished by Mullins et al. relating HbAlc to non-
severe hypoglycemia rates with insulin glargine
[30]. The rate of hypoglycemia per 100 patient
years was determined for each HbAlc concen-
tration (in %) using the following formula:

Rigpo = 7927.4 — 1181.8 - HbAlc + 49.5
-HbA1c%.

A series of subgroup analyses were
performed, including analyses of exclusively
male and female patients, smokers and non-
smokers, and patients with BMI of 20 and 30 kg/
m?, all conducted over the full range of HbAlc
reductions (0-0.8%; 0-8.8 mmol/mol) to
establish whether differential benefits of lower
HbA1c were observed in specific patient groups.
Analyses were also conducted in which HbAlc
was held flat for 10 and 20 years rather than the
full 50-year time horizon, returning to the
baseline value of 7.9% (62.8 mmol/mol) after
each time period based on the Swedish NDR
baseline. Finally, analyses were conducted to
establish the magnitude of the contribution of
different groups of complications on health-
related quality of life over the range of HbAlc
reductions. Quality of life utilities were grouped
into cardiovascular (MI, stroke, and angina),
ocular (retinopathy and macular edema), renal
(microalbuminuria, gross proteinuria, and end-
stage renal disease covering hemodialysis,
peritoneal dialysis, and renal transplant), and
peripheral vascular disease (covering peripheral
vascular disease, diabetic foot wulcer, and
amputation).

The significance of differences between
pairwise subgroup analyses (e.g., smoker and
non-smoker) was assessed by first deriving lin-
ear models (using the R Im function) from the
nine incremental quality-adjusted life expec-
tancy (QALE) values at each HbAlc decrement
using incremental QALE as the response vector
and HbA1c decrement as the linear predictor of
incremental QALE. A generalized least squares
model was then created (using the R gls func-
tion) by appending the two datasets as the
dependent variable, and using the (duplicated)
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original independent variable (HbAlc) and the
interaction between a dummy variable
(0 = non-smoker, 1=smoker) and the inde-
pendent variable as the explanatory variables
(Code 1). The p value (under a t approximation)
associated with the coefficient of the interac-
tion term (between HbAlc and the dummy
variable) was then used to establish the signifi-
cance of the difference at the p<0.05 level
(Table 2).

RESULTS

Running a representative Swedish type 1 dia-
betes population through the IQVIA CORE
Diabetes Model with increasing treatment-as-
sociated HbAlc benefits showed a consistent
reduction in the incidence of microvascular and
macrovascular complications with decreasing
HbAlc. The cumulative incidence of eye com-
plications and renal complications (Fig. 1)
reduced linearly with HbA1lc. Over the full 0.8%
(8.8 mmol/mol) reduction in HbAlc, the largest
reduction in cumulative incidence was reported
in proliferative diabetic retinopathy with a rel-
ative risk of 0.47 over the 50-year time horizon

(Table 3). Relative risk reductions were less
pronounced for macrovascular complications
(congestive heart failure, angina, stroke, and
myocardial infarction) than for microvascular
complications. While relative reductions in
cumulative incidence were comparable across
all macrovascular complications (11.3-14.6%),
the higher “reference” prevalence of myocardial
infarction and angina (i.e., with no reduction in
HbA1c) resulted in absolute risk reductions of
2.26% and 1.53% with a 0.8% (8.8 mmol/mol)
HbAlc reduction. This compared to more
modest absolute reductions in congestive heart
failure and stroke of 0.45% for both complica-
tions with a 0.8% (8.8 mmol/mol) HbAlc
reduction (Fig. 2).

Quality of life improved linearly with
decreasing HbAlc; in the baseline cohort
(HbAlc of 7.9% or 62.8 mmol/mol), quality-
adjusted life expectancy was 12.21 quality-ad-
justed life years (QALYs) compared to 12.78
QALYs in the — 0.8% (8.8 mmol/mol) cohort
(HbAlc of 7.1% or 54.1 mmol/mol), an
improvement of 0.57 QALYs. Improvements in
quality-adjusted life expectancy were much
more pronounced in younger patients owing in
part to the higher baseline life expectancy
(Fig. 3). Relatedly, holding HbAlc constant for

> hbalc <- c(@, -0.1, -0.2, -0.3, -0.4, -0.5, -0.6, -0.7, -0.8)

> incqol_non_smok <- c(0.000, ©.072, 0.158, ©.228, 0.304, 0.369, 0.415, 0.502, 0.566)

> incqol_smok <- c(0.000, ©.072, ©.143, 0.238, 0.284, 0.377, 0.430, 0.521, 0.570)

> linear_est_non_smok <- 1lm(incgqol non_smok~hbalc)

> linear_est_smok <- 1m(incqol_smok~hbalc)

> dep.new <- c(incqol_non_smok, incqol_smok)

> indep.new <- c(hbalc, hbalc)

> dummy.var <- c(rep(@, length(incqol_non_smok)), rep(1, length(incqol_smok)))

> library(nlme)

> gls.model <- gls(dep.new~indep.new*dummy.var, weights=varIdent(form=~1|dummy.var))

> summary(gls.model)

Code 1 Example R code for comparing linear models of incremental quality-adjusted life expectancy outcomes as a function

of HbAlc in smokers versus non-smokers
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Table 2 Costs associated with diabetes complications and Table 2 continued
adverse events
Complication or adverse event Cost References
Complication or adverse event Cost References (SEK)
(SEK)
Myocardial infarction, year of 101,463 [16] Neuropathy, subsequent years 42840 (28]
event Amputation, procedure 28,697  [28]
Myocardial infarction, 2259 [16] Amputation, prosthesis 21,714 [18]
subsequent years Gangrene treatment 336,116 [18]
Angina, year of onset 94,092 [16] Infected foot ulcer 224,793 [18]
Angina, subsequent years 5046  [16] Uninfected foot ulcer 195603  [18]
Congestive heart failure, year of 71,445  [16]
onset
Congestive heart failure, 7140  [16] 10 years, 20years, and the full model time
subsequent years horizon showed diminishing improvements in
lity-adjusted life expectancy (Fig.4). The
Stroke, f 181,086 [1 quatity-ad) p y
FroXe, year of event [17] first 10 years of control at an HbAlc level 7.1%
Stroke, subsequent years 162,912  [17] (54.1 mmol/mol) relative to 7.9%
Stroke, death within 30 days 100741 [16] (62.8 mmol/mol) resulted in an improvement
. . of 0.579 undiscounted QALYs, while the sub-
Peripheral vascular disease, onset 94,092 [16] sequent 10 years resulted in an additional gain
Peripheral vascular disease, 5046 [16] of 0.432 QALYs and the final 30 years of control
subsequent years (Fo the time horizon of tbg analysis) improved
o life expectancy by an additional 0.239 QALYs.
Hemodialysis, onset 499,768 [19] As complication incidence was lower with
Hemodialysis, subsequent years 748,637  [19] lower HbAlc, costs of diabetes complications
. o also decreased from SEK 761,000 in the refer-
Peritoneal d1a1y51s, onset 499,768 [19] ence cohort to SEK 669,000 in the — 0.8%
Peritoneal dialysis, subsequent 748,637  [19] cohort (Fig.5), a reduction of SEK 92,000.

years

Kidney transplant, first year 470,839  [20]

Kidney transplant, subsequent 47,288  [21]
years

Severe hypoglycemia 1462 [22]

Non-severe hypoglycemia 67 [23]

Laser treatment 61,769  [24]

Cataract operation 34,427  [24]

Cataract operation, subsequent 916 [25]
years

Blindness, first year 9248  [26]

Blindness, subsequent years 3948  [26]

Neuropathy, year of onset 42,840  [27]

Reducing HbAlc by 0.8% in a general diabetes
population therefore increased quality of life by
0.57 QALYs, while reducing costs by SEK
92,000. At a willingness-to-pay (WTP) threshold
of SEK 500,000 per QALY, this corresponds to a
net monetary benefit (NMB) of SEK 377,000
over a 50-year time horizon (calculated as the
product of the incremental quality-adjusted life
expectancy and the WTP threshold summed
with the incremental cost) [31]. Since the anal-
ysis excluded treatment costs, an estimate of the
maximum annual cost-effective treatment cost
for lowering HbAlc by 0.8% can be calculated.
Factoring in the annual discount rate of 3% and
survival curves in patients with reduced HbAlc,
an NMB of SEK 377,000 over 50 years would
correspond to an additional SEK 19,575 per
annum (in present-day values) available for a
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Fig. 1 Cumulative incidence of renal and eye complica-
tions over 50 years. Dashed lines show the cumulative
incidence of ocular complications, while solid lines show
the cumulative incidence of renal complications. BDR

diabetes treatment that would reduce HbAlc by
0.8% (8.8 mmol/mol).

Subgroup Analyses

All subgroup analyses showed improvements in
life expectancy and quality-adjusted life expec-
tancy with reduced HbAlc. On the basis of the
generalized least squares model approach, nei-
ther the smoking nor BMI subgroup analyses
resulted in significant differences in the
improvements in QALE between groups. In the
models of smoking versus non-smoking, the
interaction term coefficient was —0.0218
(p =0.30), whereas in the models of low versus
high BMI, the interaction term coefficient was
—0.013 (p=0.5781). There was, however, a
significant difference between men and women
with an interaction term of 0.050 (p =0.019).
The linear models of the relationship between
HbA1lc reduction and QALE improvement in
men and women both fit the data well, with
R*>0.99 and a residual standard error of 0.01
over seven degrees of freedom in both cases.
The models showed a greater association with

Background diabetic retinopathy, ESRD end-stage renal
disease, GRP gross proteinuria, MA microalbuminuria, ME
macular edema, PDR proliferative diabetic retinopathy,
SVL severe vision loss

reducing HbAlc and QALE in women over men,
with gradient coefficients of —0.738 and
— 0.688 in women and men, respectively, cor-
responding to 0.0738 and 0.0688 QALY
improvements in QALE in women and men for
each 0.1% reduction in HbAlc over the 50-year
duration of the analysis, respectively.

DISCUSSION

Improving glycemic control was projected to
reduce complication incidence and the associ-
ated costs while improving life expectancy and
quality-adjusted life expectancy in patients with
type 1 diabetes. Modeled improvements in
microvascular complication incidence were
more pronounced than those in macrovascular
complications, but there was no increase in the
projected incidence of any modeled complica-
tion with reduced HbA1lc. Analyses in which the
baseline cohort was stratified by age and in
which the HbAlc benefit was maintained over
different time periods showed that early gly-
cemic control in younger patients is most ben-
eficial in terms of its overall effect on quality-

A\ Adis



Diabetes Ther (2018) 9:87-99

93

Table 3 Cumulative incidence and relative risk of com-
plications over 50 years with a 0.8% reduction in HbAlc
in patients with type 1 diabetes

Cumulative Cumulative Relative

incidence incidence risk
with with
HbAIc HbAIc
7.9% 7.1%
Background 59.4 39.0 0.66
diabetic
retinopathy
Proliferative 18.3 8.6 0.47
diabetic
retinopathy
Macular edema 28.8 16.5 0.57
Severe vision loss  30.9 23.7 0.76
Microalbuminuria 28.8 16.5 0.57
Gross proteinuria  21.3 15.2 0.71
End-stage renal 14.7 12.9 0.88
disease
Ulcer 35.6 26.6 0.75
Amputation after 12.7 9.4 0.74
ulcer
Neuropathy 48.3 35.1 0.73
Congestive heart 32 2.7 0.86
failure
Angina 13.6 12.0 0.89
Stroke 3.1 2.6 0.85
Myocardial 17.1 14.9 0.86
infarction

adjusted life expectancy. The diminishing effect
of longer periods of control was particularly
notable, with the first 10 years of control at an
HbAlc of 7.1% (54.1 mmol/mol) improving
quality-adjusted life expectancy by 0.297 QALYs
compared to the final 30 years of control, which
improved life expectancy by 0.083 QALYs. The
cost analysis showed that SEK 19,575 per
annum would be a justifiable cost of a diabetes

treatment that could reduce HbAlc from 7.9%
to 7.1% and maintain control over time.
Reductions in complication incidence varied
across the modeled complications, with a
notable difference in the relative reductions of
microvascular and macrovascular complication
incidence. Specifically, reduced HbA1lc was seen
to have a marked effect on microvascular com-
plications, while much smaller changes in the
risk of angina, stroke, myocardial infarction,
and congestive heart failure. The risk reductions
were motre modest than those reported in the
DCCT, which showed a 42% (95% CI 9-63%,
p=0.02) reduction in the risk of any cardio-
vascular disease event with intensive versus
conventional treatment over an average of
6.5 years of follow-up [32]. Similarly, the risk of
nonfatal myocardial infarction, stroke, or death
from cardiovascular disease in the DCCT was
reduced by 57% (95% CI 12-79%, p=0.02)
with intensive versus conventional glycemic
control [32]. There could be many factors that
drive the discrepancy, most notably that much
larger reductions in HbA1c were observed in the
DCCT intensive treatment group than were
modeled in the present study. Over the 6.5 years
of follow-up in the DCCT, HbAlc decreased
from 9.1% (76.0 mmol/mol) at baseline to 7.4%
(57.4 mmol/mol) at end-of-study, a reduction of
1.7% (18.6 mmol/mol) compared to the 0.8%
(8.8 mmol/mol) modeled in the present study.
The finding of a significant difference
between QALE outcomes with improved gly-
cemic control in men versus women may have
been driven by differences in mortality risks in
male and female patients with type 1 diabetes in
EDIC, which was the source of the data driving
the cardiovascular risk equations. The EDIC
study reported a higher standardized mortality
ratio (SMR) in women (1.19) than men (1.04)
relative to a baseline of the US general popula-
tion in 2013 [33]. While the relative mortality
ratio of 0.87 in EDIC was not significant
(p =0.464), the difference was not uniform
across the population; models adjusting for
time-dependent HbA1lc values showed a signif-
icant interaction between sex and HbAlc
(p =0.016), in which the relative mortality
among women relative to men increased with
increasing HbAlc. Similarly, a recent meta-
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Fig. 3 Improvements in quality-adjusted life expectancy with decreasing HbAlc from 7.9% to 7.1% by baseline age

analysis of 197,396 individuals and 14,682
deaths showed a significant relative SMR (for
all-cause mortality) of 1.37 in women relative to
men (p<0.0001) [34]. The meta-analysis
authors noted that rather than the SMRs being
simply an artifact of higher background mor-
tality in men in the overall population, there is
growing evidence to suggest a greater adverse
effect of hyperglycemia and diabetes on

vascular risk in women than men [33, 35, 36].
While these findings need not drive changes in
health policy, the ability of existing models to
capture these differences is useful from the
perspective of healthcare decision-makers.
There are a number of limitations to the
present study that should be acknowledged, the
primary limitation being that all projections
were based solely on a computer simulation
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model of type 1 diabetes. The long-term nature to cover patient lifetimes. The CDM was chosen
of the projections necessitates the use of simu- as it represents a published and validated model
lation techniques as no trials have been con- and has recently been updated to include risk
ducted with a sufficiently long follow-up period equations based on the long-term follow-up
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data from EDIC, therefore representing one of
the best available options for modeling com-
plication incidence and evaluating health eco-
nomic outcomes in type 1 diabetes [37]. A
second key limitation was the use of complica-
tion cost data derived predominantly from
populations of patients with type 2 diabetes
(e.g., the Gerdtham et al. study). Complication
costs specific to patients with type 1 diabetes in
Sweden could not be identified and we opted to
prefer geographical specificity over diabetes
type specificity for the present analysis. While
cost estimates for complications experienced by
patients with type 1 versus type 2 diabetes
would almost certainly differ, the same cost
estimates were used in the reference case (7.9%
with no reduction) and each 0.1% HbAlc
decrement analysis, thereby partially mitigating
the effect on the incremental cost projections
and entirely mitigating the possibility of dif-
ferent complication unit costs affecting the
directionality of the findings presented.

The rationale for modeling HbA1c reductions
from 0.1% up to 0.8% stems from a conservative
interpretation of the reductions achievable by
using existing diabetes medications or interven-
tions. For instance, American Diabetes Associa-
tion guidelines note that patients with type 1
diabetes switching from self-monitoring of blood
glucose to continuous glucose monitoring could
expect to see an HbAlcreduction of 0.5% [38]. In
the National Institute for Health and Care
Excellence (NICE) review of continuous subcu-
taneous insulin infusion (CSII) versus multiple
daily analogue insulin injections reported sta-
tistically significant reductions in HbAlc of
between 0.2% and 1.4% after initiation of CSII
therapy [39]. The range also covers the typical
magnitude of HbAlc reductions observed in
randomized controlled trials of insulins prior to
the widespread adoption of treat-to-target trials.
For example, in adult patients with type 1 dia-
betes previously treated with a basal-bolus regi-
men, switching to insulin detemir resulted in
HbA1c reductions of 0.43-0.49% [40]. Similarly,
the PREDICTIVE study showed HbAlc reduc-
tions of between 0.4% and 0.6% with the use of
insulin detemir in place of NPH insulin or insulin
glargine as part of a basal-bolus regimen [41]. The
magnitude of changes modeled in the present

study could therefore be achieved through
changes to insulin regimens or blood glucose
monitoring practices costing up to SEK 19,575
per annum.

CONCLUSIONS

The present study illustrates the importance of
early improved glycemic control and, using a
monetary benefit analysis, provides an estimate
of the budget available to spend on insulin in
order to obtain a lower HbAlc in the average
patient with type 1 diabetes in Sweden.
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