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Abstract
Introduction  This review presents a critical appraisal of differences in the methodologies and quality of model-based and 
empirical data-based cost-utility studies on continuous glucose monitoring (CGM) in type 1 diabetes (T1D) populations. It 
identifies key limitations and challenges in health economic evaluations on CGM and opportunities for their improvement.
Methods  The review and its documentation adhered to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines for systematic reviews. Searches for articles published between January 2000 and January 
2023 were conducted using the MEDLINE, Embase, Web of Science, Cochrane Library, and Econlit databases. Published 
studies using models and empirical data to evaluate the cost utility of all CGM devices used by T1D patients were included 
in the search. Two authors independently extracted data on interventions, populations, model settings (e.g., perspectives 
and time horizons), model types and structures, clinical outcomes used to populate the model, validation, and uncertainty 
analyses. They subsequently met to confirm consensus. Quality was assessed using the Philips checklist for model-based 
studies and the Consensus Health Economic Criteria (CHEC) checklist for empirical studies. Model validation was assessed 
using the Assessment of the Validation Status of Health-Economic decision models (AdViSHE) checklist. The extracted data 
were used to generate summary tables and figures. The study protocol is registered with PROSPERO (CRD42023391284).
Results  In total, 34 studies satisfied the selection criteria, two of which only used empirical data. The remaining 32 studies 
applied 10 different models, with a substantial majority adopting the CORE Diabetes Model. Model-based studies often 
lacked transparency, as their assumptions regarding the extrapolation of treatment effects beyond available evidence from 
clinical studies and the selection and processing of the input data were not explicitly stated. Initial scores for disagreements 
concerning checklists were relatively high, especially for the Philips checklist. Following their resolution, overall quality 
scores were moderate at 56%, whereas model validation scores were mixed. Strikingly, costing approaches differed widely 
across studies, resulting in little consistency in the elements included in intervention costs.
Discussion and Conclusion  The overall quality of studies evaluating CGM was moderate. Potential areas of improvement 
include developing systematic approaches for data selection, improving uncertainty analyses, clearer reporting, and explain-
ing choices for particular modeling approaches. Few studies provided the assurance that all relevant and feasible options 
had been compared, which is required by decision makers, especially for rapidly evolving technologies such as CGM and 
insulin administration. High scores for disagreements indicated that several checklists contained questions that were difficult 
to interpret consistently for quality assessment. Therefore, simpler but comprehensive quality checklists may be needed for 
model-based health economic evaluation studies.
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Key Points for Decision Makers 

Cost-utility studies inform decision makers about the 
value for money of CGM devices, which also requires 
clarity on the combinations with different insulin pumps 
or injections. Our review findings showed that the overall 
quality of current economic evaluations in this field is 
moderate.

Referring to existing guidelines, studies could be 
improved by adopting more systematic approaches to 
selection of input data, by refining uncertainty analyses, 
and by clearly reporting methods used. Importantly, 
researchers should better explain their choices in the 
modeling process.

1  Introduction

Accurate and timely monitoring of glucose levels is critical 
for individuals to manage diabetes effectively and achieve 
optimal blood glucose control. Monitoring glucose levels 
empowers patients and their caregivers to fine-tune insulin 
dosages and make lifestyle and dietary changes. Ultimately, 
optimal glycemic control can postpone or even prevent the 
onset and progression of micro- and macrovascular complica-
tions [1, 2]. Historically, individuals with diabetes have self-
monitored their capillary blood glucose levels using finger 
pricks, which has prevailed since the late 1970s [3]. This 
method causes discomfort and is time-consuming, discourag-
ing many patients from applying it frequently throughout the 
day. Moreover, it yields isolated glucose readings and does 
not offer insights into trends in glucose levels.

Continuous glucose monitoring (CGM) devices, i.e., 
glucose sensors, may effectively overcome these barriers. 
Different types of glucose monitoring devices exist, namely 
intermittently scanned (is-) and real-time (rt-) CGM. Users 
adopting is-CGM devices must proactively scan (or ‘flash’) 
the sensor using a reader or smartphone to obtain a glucose 
measurement. By contrast, rt-CGM systems provide a con-
tinuous data flow. Both systems offer the option of setting 
alarms at predetermined glucose levels that warn users in 
case of imminent hypo- or hyperglycemia. CGM devices can 
be used in conjunction with various insulin administration 
methods, including insulin injections and pumps. While is-
CGM can be used alongside an insulin pump, direct connec-
tivity between the two is not possible. The use of an rt-CGM 
device in combination with certain insulin pumps allows for 

a ‘closed-loop’ system. Over the last decade, closed-loop 
systems have become increasingly sophisticated. While they 
initially offered low-glucose suspension in case of hypogly-
cemia, they now incorporate features enabling anticipation 
of both hypoglycemia and hyperglycemia. CGM devices can 
be used by all individuals with diabetes for whom insulin is 
the primary treatment, which mainly concerns persons with 
type 1 diabetes (T1D) [8].

Studies have shown that CGM devices improve patients’ 
glucose management and quality of life (QoL), decrease the 
disease burden, and reduce diabetes-related hospital admis-
sions of individuals with T1D [4, 5]. While several studies 
have demonstrated these beneficial effects, another aspect 
of decision making relates to their cost effectiveness [6, 7]. 
Multiple cost-effectiveness studies conducted for different 
CGM devices have been published since their entry into the 
market. Given rapid advances in technology and varying 
coverage in different countries, the choices of interventions, 
comparators, and target populations reported in these stud-
ies differ.

A recently published systematic review [8] on the cost 
effectiveness of various types of CGM in individuals with 
T1D aimed to summarize and clarify study results to pro-
vide guidance on the appropriateness of implementing CGM 
technology based on whether the result is cost effective or 
not. Its findings indicated that CGM appears to be a cost-
effective tool for individuals with T1D, especially in the 
subgroup of individuals with suboptimal management or 
those at risk of severe hypoglycemia. However, incremen-
tal cost-effectiveness ratios (ICERs) and quality-adjusted 
life-years (QALY) gained varied widely between studies 
(US$18,734–US$99,941 per QALY gained and 0.76–2.99 
QALYs gained, respectively).

These disparities may be partly linked to differences in 
the devices used, given the rapid development of CGM sys-
tems in recent years. Another important reason for differ-
ences could relate to ways of translating the benefits of better 
glucose monitoring and more controlled insulin administra-
tion into lifetime QALY gains. However, these reasons were 
not further analyzed in the above review, which presented 
a simple overview of the studies and their outcomes. Fur-
ther investigations are thus needed to explain differences in 
the studies’ methodologies, quality, and validity, and their 
potential impact on the results. Establishing state-of-the-
art economic evaluations on CGM is important to raise the 
bar for future research, while also enabling reviewers (e.g., 
policy makers) to gain a better understanding of the pros 
and cons of existing studies and improve study designs and 
reporting.

Therefore, the primary objective of this review is to criti-
cally appraise differences in the methodologies, quality, and 
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validity of studies based on models and empirical data. We 
examine methods and quality of cost-utility analyses (CUAs) 
rather than compare quantitative results to explain some of 
the variations in outcomes and to identify key limitations, 
challenges, and opportunities that need to be addressed in 
future CUAs of CGM for individuals with T1D. Given rapid 
developments in this field, our secondary objectives were 
to provide recommendations that would benefit future cost-
effectiveness studies on CGM and to help decision makers in 
diverse settings to identify studies that are relevant to them 
without needing to delve into each study.

2 � Methods

2.1 � Protocol and Registration

A protocol was developed following the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses-Protocol 
(PRISMA-P) checklist [9, 10]. The protocol was registered 
in PROSPERO (registration number CRD42023391284) 
[11] and subsequently published [12]. The conduct and 
reporting of this review adhered to this protocol, following 
the updated PRISMA 2020 guidelines [13].

2.2 � Search Strategy

We searched the following electronic databases: MEDLINE 
(PubMed), Embase (embase.com), Web of Science (Clari-
vate), the Cochrane Central Register of Controlled Trials 
(CENTRAL), and Econlit (EBSCO). Additionally, we used 
the Google Scholar search engine and searched cited refer-
ences in previous systematic literature reviews on this topic. 
The reference lists of identified papers were also screened 
for additional articles.

The search strategy centered on three terms: (1) CGM, (2) 
cost-utility, and (3) T1D. The search was limited to English-
language articles published between 2000 and 2023, as the 
US FDA approved the first CGM device in June 1999 [14]. 
Details can be found in Online Resource 1 in the Supple-
mentary Information.

2.3 � Eligibility Criteria

The Population, Intervention, Comparator, Outcome and 
Study (PICOS) design was defined as follows: P: T1D; I: 
any CGM device; C: any; O: ICER as cost per QALY; and 
S: model- and empirical data-based cost-effectiveness stud-
ies. The review protocol provides details of the PICOS [12]. 
CGM was broadly defined as any system, including both 
is-CGM and rt-CGM, capable of monitoring blood glucose 
concentrations on a ‘continuous basis’ [15, 16]. No selec-
tion was made based on insulin administration methods 

combined with CGM [16, 17]. Studies on bi-hormonal 
closed loops (e.g., an artificial pancreas) and do-it-yourself 
hybrid closed loop (HCL) devices were excluded, as these 
interventions are still under development. We included cost-
utility studies based on models and empirical data (i.e., trial 
or observational data). However, we excluded studies that 
reported results only in terms of cost per life-year gained 
or other clinical outcomes, or those that reported only costs 
or clinical outcomes. This is because a focus on life-years 
gained would lead to the underestimation of expected health 
benefits, and it is difficult to compare clinical outcomes 
across studies. Studies conducted on individuals diag-
nosed with T1D were included irrespective of age, ethnic-
ity, comorbidities, and background therapies administered. 
Studies considering both T1D and T2D were included only 
if the results for each population were described separately, 
as their results and inputs would likely differ.

2.4 � Study Process

The search results were imported into EndNote 20, and a 
structured method was used to remove duplicates [17]. Titles 
and abstracts were then exported to the review manager 
Rayyan for screening purposes [18]. Two reviewers who 
independently reviewed the titles and abstracts assessed all 
the studies against the eligibility criteria. Full-text screening 
of the remaining articles was performed independently by 
the same two reviewers using predefined selection criteria 
based on PICOS. Inconsistencies and disagreements among 
the researchers were resolved through discussion.

2.5 � Data Extraction Procedures

Data extraction was performed in Microsoft Excel using 
a prespecified data extraction table (Online Resource 2). 
Extracted data comprised basic information on the studies 
(setting, population, intervention, comparator, perspective, 
and year of publication); the model structure or empirical 
study design employed; diabetes-related complications con-
sidered; methods of modeling the effectiveness of CGM and 
data sources for effectiveness; input data used for costs and 
QoL; handling of uncertainty; model validity; and quality 
assessment. Additionally, incremental costs, QALY and 
ICER data, as well as conflict of interest statements and 
study funding data were collected. The studies were allo-
cated to four researchers, who performed data extraction in 
such a way that each study was examined independently by 
two authors. After the first five studies had been extracted, 
the researchers met to discuss their experiences with the 
data extraction form. In light of this discussion, the form 
was improved, and redundant columns, notably the Con-
solidated Health Economic Evaluation Reporting Standards 
(CHEERS) checklist [19], were removed, as items on this list 
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were already covered in other sections. Explanatory notes 
were also added. Finally, after all the data extraction forms 
had been completed, the authors met in pairs to compare 
results and confirm consensus. During meetings with all 
the researchers, pending issues were discussed and the final 
results were generated.

2.6 � Quality and Validation Assessment

Following the recommendations of Wijnen et al. [20], a qual-
ity assessment of the cost-utility studies was performed using 
the checklist developed by Philips et al. [21] for model-based 
evaluations, and the Consensus Health Economic Criteria 
(CHEC)-extended checklist [22, 23] for economic evalua-
tions based on trial and observational data. The Assessment 
of the Validation Status of Health-Economic decision models 
(AdViSHE) checklist [24] was used for validation. We dis-
cussed each of these checklists critically to develop a scoring 
system for the quality assessment. Two reviewers indepen-
dently assigned a score to each study in light of the informa-
tion contained in the publication or associated background 
papers. While we considered any completed checklists that 
were provided as part of the included study itself, we com-
pleted the checklist for each study ourselves to ensure that 
the responses and scores remained consistent across studies. 
The Philips checklist has 57 sub-questions (Online Resource 
3). Some of the items on this checklist were scored at the 
model level, thereby avoiding repetitive data extraction for 
studies using the same model and citing the same background 
references. However, this was only possible for items on the 
modeling methods used; the responses to other items, entail-
ing setting-specific considerations were scored at the study 
level. The CHEC-extended checklist comprises 19 questions 
requiring ‘yes’ or ‘no’ responses. Responses to items in both 
checklists were ‘yes’, ‘no’, ‘not reported’, or ‘not applicable’. 
Additional explanations were recorded in separate columns. 
Completion of the Philips checklist required several addi-
tional meetings to achieve consensus regarding data extrac-
tion among the co-authors. The AdViSHE checklist com-
prised 13 items covering different aspects of the validation 
of the conceptual model, the input data, the implemented 
software program, and model outcomes (Online Resource 2) 
[24]. We have only considered the model validation items 
that were reported in the study or its background literature, 
i.e., no additional questions were sent to the authors of the 
studies regarding activities performed but not reported.

2.7 � Data Synthesis

We synthesized the extracted data qualitatively, focusing on 
the methods and models applied. Tables and graphs were 
constructed depicting the general characteristics of the stud-
ies, the types of interventions and comparators, sources for 

obtaining baseline characteristics and CGM effectiveness, 
input data, model structure, methodological quality, and 
model validation. The extracted incremental ICERs were 
converted at US dollar values in 2022 by indexing the ICERs 
according to the price year in the specific country's currency 
and then converting this value into US dollars using purchas-
ing power parities obtained from Organisation for Economic 
Co-operation and Development (OECD) data [25–27]. The 
range of ICERs was reported, and each individual result 
was plotted along a cost-effectiveness plane to indicate the 
distribution of outcomes in terms of incremental costs and 
QALYs. The various comparisons included in the studies 
and the results of the quality and validation assessments 
were summarized and presented in stacked bar charts.

3 � Results

Out of a total of 1736 screened articles, 34 cost-utility stud-
ies on CGM for individuals with T1D that were based on 
models or empirical data were eligible for inclusion in this 
review. Figure 1 depicts the process of selecting studies, and 
Table 1 presents an overview of each of the included studies, 
sorted by the type of analysis (based on empirical data or 
models), author(s), and the publication year. A wide range 
of ICERs was reported, varying from dominant (cost saving 
with QALY gains) to $4,858,767 per QALY. Most of the 
reported ICERs were either below $50,000 per QALY (62%) 
or below $100,000 per QALY (75%) [Fig. 2]. Estimated 
incremental QALYs ranged from − 0.01 to 3.81 QALYs per 
patient, and estimated incremental costs per patient ranged 
from − $22,853 to $224,678 (Online Resource 4).

The studies, which were conducted in 14 countries, 
entailed multiple comparisons in terms of CGM device and 
insulin administration used (Table 1). Figure 3 presents a 
summary of the comparative analyses (details are provided 
in Online Resource 5). Transparency regarding the type of 
devices evaluated was low for both the method of insulin 
administration and CGM, indicated by at least one disa-
greement among reviewers on methods used in 21/34 stud-
ies (62%). A further indicator of non-transparency was the 
absence of clear definitions of interventions and comparators 
in the Objectives or Methods sections in many of the stud-
ies. These had to be deduced from the clinical data or cost 
tables. Three studies evaluated CGM devices without speci-
fying the method of insulin administration [30–32]; one of 
these studies did not even specify the CGM type (although 
costs were included for three different rt-CGM devices) [32]. 
The specific brand and type of pump or sensor was reported 
in only 24 of the 34 studies. Several studies that evaluated 
integrated systems (sensor-augmented pump [SAP] therapy 
and HCL) reported the insulin pump device but not the spe-
cific sensor used [33–35]. One study’s comparison of an 
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integrated system (SAP) to the same system without con-
nectivity between the insulin pump and rt-CGM device is 
questionable from a clinical perspective [36].

Some studies compared various CGM modes [30, 33, 
36–38], yielding a total of 40 different comparisons. The 
most common comparison (in 15/40 studies) involved the 
SAP (rt-CGM+SAP) and self-monitoring of blood glucose 
(SMBG) combined with either continuous subcutaneous 
insulin infusion (CSII) [34–36, 39–46], multiple daily injec-
tions (MDI) [36, 47, 48], or a combination of both [37]. One 
study compared a combination of rt-CGM and MDI with 
SMBG and MDI, and is-CGM with MDI [38]. Two stud-
ies compared rt-CGM with SMBG but did not specify the 
method of insulin administration [30, 32]. Four studies com-
pared is-CGM with SMBG and MDI [7, 31, 49]. Eight stud-
ies compared HCL systems with SMBG [50–53], is-CGM 
[33, 54, 55], or with SAP [33] in combination with varying 
insulin administration methods. Thus, relatively few studies 
compared HCL systems with SAP, or SAP with rt-CGM plus 
CSII or MDI, which offer more advanced monitoring and 
insulin delivery options. The comparator frequently involved 
SMBG.

Most of the studies were model-based CUAs, with two 
exceptions: a trial-based study [39] and one based on obser-
vational data [7]. Two other studies included a within-trial 
analysis and a model-based analysis with a lifetime horizon 
[28, 56]. Of the 32 model-based studies, 24 (75%) applied the 
CORE Diabetes Model, and one study applied the Sheffield 
Type 1 Diabetes Model [56]. The remaining 7 models were 
newly developed, although 4 were variants of each other [30, 
32, 37, 57]. The majority of the studies were conducted from 
a societal perspective (15/34), including all costs that were 
substantially affected by the intervention within and beyond 
the healthcare sector. Studies adopting a healthcare system 
perspective (11/34) and payer’s perspective (8/34) [Table 1] 
ranked second and third, respectively. The four studies based 
on empirical data used a within-study time horizon of 6 or 12 
months. They found that the CGM variant they investigated 
was cost effective or even cost saving. All except two model-
based studies used a lifetime horizon. Only four model-based 
studies (all publicly sponsored) found that CGM variants were 
not cost effective according to their reported willingness-to-
pay (WTP) thresholds [36, 37, 47, 53]. Considering a WTP 
threshold of $100,000 per QALY, 12 interventions (Fig. 2) 

Fig. 1   Process of selecting stud-
ies following the PRISMA 2020 
guidelines. PRISMA Preferred 
Reporting Items for Systematic 
Reviews and Meta-Analyses
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could not be considered cost effective [28, 36, 37, 47, 56, 57]. 
All 25 studies that were sponsored by the device manufacturer 
found the CGM devices to be cost effective or cost saving 
(Online Resource 6).

3.1 � Economic Evaluation Methodology

3.1.1 � Studies Based on Empirical Data

One study was based on a prospective nationwide Dutch 
observational study [7] and the remaining three studies were 
based on unblinded, multicenter, randomized controlled tri-
als (RCTs) [28, 39, 56] (Online Resource 7). The studies 
investigated 95–381 individuals with T1D and were con-
ducted over 6 or 12 months between late 2009 and 2016. The 
observational study only collected QoL data (EuroQol ques-
tionnaire EQ-5D-3L), with costs and healthcare resource use 
derived from linked health insurance data. The three RCTs 
collected cost data as well as time trade-off [28], EQ-5D-3L 
[39] or EQ-5D-5L [56] data from questionnaires.

3.1.2 � Model‑Based Studies

Most of the model-based studies (n = 24) used the CORE 
Diabetes Model (Online Resource 8). CORE is an individual 
patient-level Markov model used for cost-effective analyses 
in T1D and T2D. Two publications by Palmer et al. [62, 63] 
first introduced the CORE Diabetes Model and its valida-
tion. Most, although not all of the reviewed CUAs referenced 
these two papers, usually alongside a 2014 validation paper 
by McEwan et al. [64]. Although CORE is commonly used 
to assess the cost utility of diabetes interventions, most stud-
ies applying it did not provide a rationale for their choice 
of model. One other study chose the Sheffield T1D policy 
model [65], which is an individual patient-level simulation 
model, explicitly arguing that this model was designed and 
validated solely using T1D studies and trials [56]. They 
provided additional justification, noting that HbA1c was 
included in most of the risk equations, the model was vali-
dated against major T1D trials, and was completely trans-
parent. This was the only study that explicitly discussed 
the model choice. Four other studies used self-developed 
Markov state-transition models, which were all slightly dif-
fering variations of the model developed by McQueen et al. 
[32]. The remaining three studies by Huang et al. and Pease 
et al. [28, 52, 53] used models developed by the authors 
themselves. Two were cohort-based Markov models and 
the third was a patient-level Markov model. It is unclear 
why different model structures were used for the two studies 
by Pease et al., as both studies evaluated the cost-utility of 
HCL: one focused on adults [52] and the other on youth [53].

Although different model structures were used, all the 
models applied a 1-year cycle, while allowing for the 

occurrence of more than one hypoglycemic event annually 
by modeling this into the background or using a shorter 
cycle (e.g., 3 months in the CORE Diabetes Model). All but 
three studies [28, 32, 57] considered hypoglycemic events. 
One of these studies motivated the exclusion of hypoglyce-
mic events by lack of effect on such events in the clinical 
study on which the effect size was based [57]. However, 
most studies did not provide a clear definition for hypo-
glycemia or the distinction between severe and non-severe 
hypoglycemic events.

Varying amounts of diabetes complications were included 
in the models, even in studies applying the same model 
(Online Resource 9). The inclusion or exclusion of specific 
complications was rarely justified but may have been due 
to differing versions of the model used or the exclusion of 
certain complications in the event of an absence of local data 
for estimating costs. For most studies, the included compli-
cations were apparent, although often they had to be inferred 
from tables on costs and results. For one of the studies 
applying the CORE Diabetes Model, information on com-
plications was missing entirely, although it can be assumed 
that they would likely be similar to those considered in most 
studies applying this model [49]. Macrovascular complica-
tions (i.e., angina pectoris, heart failure, myocardial infarc-
tion, and stroke), complications of the lower extremities 
(neuropathy, including amputation and diabetic foot ulcer), 
eye problems (vision loss/blindness, cataract, and macular 
edema), end-stage renal disease, as well as hypoglycemia 
were included in most studies (>60%). Furthermore, a few 
studies included one or more of the following complica-
tions: depression, diabetic ketoacidosis, macro albuminuria, 
or coronary or ischemic heart disease. The latter complica-
tions overlap with other macrovascular complications such 
as myocardial infarction. Some CORE studies (7/24) also 
reported the inclusion of lactic acidosis, although the CORE 
Diabetes Model only applies this complication to the T2D 
population.

3.2 � Baseline Characteristics and Continuous 
Glucose Monitoring Effects

Populations in the CUAs varied, ranging from all adults 
with T1D to populations with an increased risk for hypo-
glycemia, or individuals who did not achieve treatment 
goals for blood glucose levels. Only three studies included 
children and/or adolescents [39, 53, 61] (Table 1). Baseline 
characteristics varied widely across the studies. The base-
line age and HbA1c values ranged from 12.0 to 51.4 years 
and 6.4 to 10.3% (46–89 mmol/mol), respectively (Online 
Resource 10). Several trials and observational studies were 
used to source the input data for the baseline characteris-
tics and treatment effects (Table 2). The CGM effect was 
included in each study as a reduction in HbA1c (or time in 
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range [30]), and often also as a reduction in hypoglycemic 
events or in the fear of hypoglycemia, a reduction in ketoaci-
dosis, or a combination of these. Finally, some studies mod-
eled the direct effect on QoL associated with a reduced need 
for finger pricks [33].

Most studies used the same source for both the baseline 
characteristics and the CGM effect on HbA1c and hypo-
glycemic events. Commonly used sources were a meta-
analysis by Pickup et al. [66] (7/34), and three RCTs: Ly 
et al. [67] (7/34), the DIAMOND trial [68, 69] (6/34), and 

the FUTURE trial [70] (4/34). The remaining 10 stud-
ies used a variety of different RCTs. The effect on fear of 
hypoglycemia was calculated as a reduction in the score 
in the Hypoglycemia Fear Survey sourced from either the 
DIAMOND or the INTERPRET trial, or a meta-analysis 
by Yeh et al. [68, 69, 71, 72]. Reduction of ketoacidosis 
was only included in two studies [31, 50] and sourced from 
the FUTURE trial or a single-arm study (Table 2). Notably, 
the duration of the CGM effect was not reported in most of 
the studies (21/34), although we expect that these studies 

Fig. 2   Summary of the cost-
effectiveness results of the 
included studies comparing 
to self-monitoring of blood glu-
cose levels using finger pricks 
or other CGM devices. Note: 
Some of the studies reported 
multiple ICERs. The results for 
three studies [7, 28, 30] are not 
included because of missing 
incremental costs and/or QALY 
data. CGM continuous glucose 
monitoring, ICERs incremental 
cost-effectiveness ratios, QALYs 
quality-adjusted life-years, 
SMBG self-monitoring of blood 
glucose, WTP willingness to 
pay

Fig. 3   Overview of the comparative analyses covered in the studies. 
Some studies included multiple comparisons. CSII continuous subcu-
taneous insulin infusion, HCL hybrid closed loop, is-CGM intermit-
tently-scanned continuous glucose monitoring, MDI multiple daily 

injections, NR not reported, rt-CGM real-time continuous glucose 
monitoring, SAP sensor-augmented pump, SMBG self-monitoring of 
blood glucose
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assumed that CGM had a lifelong effect. Ten more stud-
ies explicitly reported using a (continuous) lifetime effect, 
without providing a justification. Only the health technology 
assessment (HTA) reports from the National Institute for 
Health and Care Excellence [36] and Health Quality Ontario 
[37] explicitly explained how the treatment effect was mod-
eled over time. In these studies, a reduction in the treatment 
effect was assumed by using a continuous CGM effect in 
the first year, following which annual progression rates or a 
slowly declining effect were assumed. The authors justified 
this approach by the uncertainty of the effectiveness data, 
which showed considerable heterogeneity and differences 
in baseline HbA1c levels. Additionally, in both reports, a 
scenario analysis was conducted to estimate the effect of a 
lifetime treatment effect.

3.3 � Costs

All the studies included costs related to diabetes treatments 
and complications. Those that applied a societal perspective 
all included productivity losses. However, only a few studies 
considered other societal costs such as costs related to train-
ing staff in CGM use and the time that patients/caregivers 
devoted to diabetes care [28, 54, 56]. Most studies used the 
human capital method to estimate costs related to losses in 
productivity.

The elements comprising intervention costs varied, 
and there was often lack of transparency about what was 
included and how this was valued. A number of studies only 
reported a lump-sum cost for the intervention and compara-
tor, with some only reporting incremental costs without 
providing specific details. However, all 34 studies included 
the costs of CGM sensors (Online Resource 11). Costs of 
the transmitter/charger, test strips and lancets for SMBG 
(either as stand-alone comparators or for calibrating the 
CGM device) were only reported in 62% and 88% of the 
studies, respectively. Moreover, only 13/34 (38%) studies 
reported the costs of insulin pumps, and even fewer studies 
(10/34) considered other insulin pump-related costs, such 
as the costs of reservoir, infusion set, training, and pump 
replacement. The cost of insulin itself was included in 11/34 
studies (32%). As costs could differ for the different devices 
and elements, the intervention costs were presumably often 
underestimated.

3.4 � Health‑Related Quality of Life Weights 
and Quality‑Adjusted Life‑Years

The studies that included analyses based on empirical data 
measured QoL in the trials themselves at baseline and at the 
end of each trial to obtain a CGM-related QALY benefit for 
use in the cost-effectiveness analysis [7, 28, 39, 56]. Two 

of these studies also entailed a long-term analysis, adding 
modeling and QoL weights sourced from the literature. All 
except two [45, 49] of the model-based studies included QoL 
weights for macro- and microvascular complications. Fif-
teen studies on T1D populations used values derived from 
a review by Beaudet et al. [98], while other studies referred 
to a mix of studies. QoL effects for hypoglycemic events 
were included in 17/34 studies, with most of these studies 
(n = 9) citing the study by Evans et al. [99], who used time 
trade-off (TTO) in a general population with a mixed sample 
containing T1D and T2D populations from five countries. 
Incremental QoL gain was considered for the reduction in 
fear of hypoglycemia in 23/34 studies. All of these studies 
used a mapping of a 1-unit increase in the Hypoglycemia 
Fear Survey score to EQ-5D scores following the studies by 
Currie et al. and McBride et al. [73, 100] to convert Fear of 
Hypoglycemia scores into QALYs. Explicit QoL effects for 
ketoacidosis or reduction in finger pricks were rare, occur-
ring in only 2/34 [30, 31] and 5/34 [38, 49, 59–61] studies, 
respectively.

Various methods were used to elicit QoL weights in the 
different referenced sources, although most applied EQ-5D 
(3L or 5L) or TTO. The populations for which complica-
tions were considered were the general population or indi-
viduals with T2D; those with T1D were seldom considered. 
The studies were conducted in diverse countries, and most 
models included values elicited in settings outside of their 
country contexts. While this approach is understandable 
given the large amount of QoL weights needed to reflect 
all diabetes-related complications included in the models, 
it deviates from the guidelines for economic evaluations. 
Online Resource 12 presents a summary of all sources and 
instruments used for QoL weights in the reviewed studies.

3.5 � Quality Assessment

3.5.1 � Quality of Model‑Based Studies

Figure 4 and Online Resource 13 provide summaries of the 
findings using the Philips checklist. They show high scores 
for about half of the items (for 26/57 items, they were above 
75%). These included items about choice of baseline data, 
synthesizing treatment effects (with many ‘non-applicable’ 
scores, as most studies applied a single source for their treat-
ment effects), incorporation of appropriate utilities, address-
ing methodological uncertainty, and methods for assessing 
parameter uncertainty and reporting ranges for uncertainty. 
Scores for 19 items were below 20%. These items were: (1) 
‘Is the primary decision maker specified?’; (2) ‘Have any 
competing theories regarding model structure been consid-
ered?’; (3) ‘Is there justification for the exclusion of feasible 
options?’; (4) ‘Is the duration of treatment and treatment 
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Fig. 4   Summary of quality scores for the Philips checklist. Descrip-
tions are short versions of the full-item texts, see Online Resource 3 
for full-item descriptions and how these were operationalized by the 

authors. Note: Online Resource  11 provides an explanation of the 
items. NA not applicable, NR not reported, Y/N ‘yes’ or ‘no’ unclear
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effect described and justified?’; (5) ‘Is there evidence that 
the mathematical logic of the model has been tested thor-
oughly before use?’; and another 14 that concerned data 
identification and analysis, modeling details on baseline and 
treatment effects, data incorporation approaches, and uncer-
tainty analysis. In general, the studies lacked a description 
of systematic and justified choices in the modeling process. 
Furthermore, most studies only included univariate sensitiv-
ity analyses, while probabilistic sensitivity analyses were not 
always performed. The Philips quality scores per paper were 
moderate (on average, 56%), ranging between 39% and 87% 
(Online Resource 13).

3.5.2 � Quality of Studies Using Empirical Data

Figure 5 and Online Resource 14 present scores for the two 
studies that only used empirical data [7, 39]. The discrep-
ancy scores for disagreements between authors regarding 
extracted data were much lower for the CHEC-extended 
list (21% of the items) than those for the Philips check-
list (74% initially). The overall score was high (a ‘yes’ 
response for 76% of the items), with comparable scores for 

the two studies. Both studies scored a ‘no’ for the ques-
tion on whether all alternatives were clearly described. The 
time horizons in both studies were insufficient to include 
relevant costs and consequences, as the studies did not con-
sider the long-term complications of CGM use beyond the 
trial period. Given the short time horizon, item 14 (‘Are all 
future costs and outcomes discounted appropriately?’) was 
not applicable.

3.6 � Model Validation

Figure 6 shows the scores for the model validation items 
in AdViSHE (see Online Resource 15 for details provided 
in each paper). In general, the authors paid scant attention 
to model validity, with most simply stating that a vali-
dated model was used without providing further details. 
However, all but one study that applied the CORE Dia-
betes Model referred to the original studies reporting 
on the structure of the model and its validation [62–64]. 
Hence, we assigned them similar scores for model valid-
ity based on these references. This approach impacted the 
scores provided below. Therefore, we also reported scores 

Fig. 5   Model quality in studies using empirical data and the CHEC-extended checklist [22, 23]. CHEC Consensus Health Economic Criteria, NA 
not applicable
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on a model-level (Online Resource 15). Items that were 
reported most often focused on face validity checking of 
the conceptual model (26/32, 81%); expert checks of the 
simulation code (25/32, 78%); comparisons of the model 
outcomes with those of other models (25/32, 78%), and the 
use of alternative sets of input data (27/32, 84%). Com-
parisons made with other models were often basic, com-
prising a short, qualitative comparison in the Discussion 
section. For some of the included models, we know from 
conferences and publications that cross-model validation 
was performed, including comparisons with empirical data 
and searches for alternative sets of input data [101–103]; 
however, these validation procedures were not mentioned 
in the publications. Items with consistently low scores 
across all studies were cross-model validation of the con-
ceptual model and code verification by extreme value test-
ing. It is possible that such tests, although not reported in 
most studies, were performed. An additional validation 
effort reported was the recoding of several elements of 
the model in Microsoft Excel, indicating the complexity 
of diabetes models and the need to check model codes 
carefully [63, 64].

4 � Discussion

4.1 � Main Study Results

CUAs of CGM showed mixed results for quality and 
transparency. Considerable improvements, especially for 
increasing transparency, are possible. The supplementary 
tables included in this study presenting detailed informa-
tion on all the studies may aid decision makers in various 
settings to determine which studies are relevant to them, so 
that they do not have to examine each study individually. 
With few exceptions, most studies would be very hard, if 
not impossible, to replicate, even considering the content 
of references and online supplementary information.

This finding confirms that of a previous attempt to 
replicate the results of two published studies using the 
input data described in those articles by modeling groups 
coordinated by the Mount Hood Diabetes Challenge Net-
work [101]. The Mount Hood group used this study to 
formulate specific guidelines to promote transparency in 
cost-effectiveness studies focusing on diabetes [101]. Most 

Fig. 6   Scores for model validation tests performed and reported in 
the papers, supplemental information, or direct references for the 
32 model-based economic evaluations. Notes: Papers applying the 
CORE Diabetes Model that referred to the study by McEwan et  al. 
2014 [64], scored ‘yes’ for cross-validation tests (2 and 10), compar-
ing model outcomes with empirical data (12), testing with alterna-

tive input data (11), and other tests (13). This is because the model 
has undergone validation within the Mount Hood Diabetes Chal-
lenge Network. The same situation applies to the Sheffield model 
[56]. AdViSHE Assessment of the Validation Status of Health-Eco-
nomic decision models, NA not applicable, NR not reported
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of the studies in our review would not meet these stand-
ards. In particular, the costing of interventions, how effects 
were modeled, and assumptions on HbA1c trajectories 
were poorly reported. Another interesting advice in this 
guideline with potential cost-effectiveness implications 
concerns the choice of mortality table and event-specific 
mortality. Relevant items to address this were not explic-
itly stated in our data extraction tables and merit attention 
in future studies. Authors, reviewers, and editors alike 
may need to attend to the issue of transparency and could 
benefit from the use of disease-specific as well as general 
cost-effectiveness reporting guidelines and checklists to 
enhance transparency and replicability.

Other recent reviews that critically appraise health eco-
nomic models have pointed to important omissions in model 
quality and validation similar to those that we identified. 
For instance, recent studies on cancer screening and mental 
illness indicate a lack of validation and express model qual-
ity concerns [104, 105]. Structural uncertainty analyses and 
explanation of choices regarding input data were explicitly 
noted as missing in studies on mental illness. Given the 
option of online supplementary sections, the argument of 
a lack of space is untenable and cannot justify omitting 
important information on the model version and parameters 
applied or about assumptions regarding long-term effects. 
Therefore, we recommend that authors of model-based eco-
nomic evaluation studies provide more detailed reporting 
and use quality checklists to verify that important elements 
have been addressed.

Our review complements a recent review on CGM evalu-
ations by Jiao et al. [8]. Our findings, like those of that study, 
showed diverse outcomes with significant differences among 
ICERs, even for studies that compared the same or simi-
lar devices. However, we examined the quality of studies, 
input data sources, and model validity in more depth. We 
also covered 15 studies not included in the earlier review. 
Of these, nine were published after the timeline covered by 
that review, which confirms that CGM in T1D is a rapidly 
changing field.

Given the chronic nature of T1D and the possible preven-
tive effects of CGM on diabetes complications in the long 
run, evidence of the cost utility of CGM in T1D primarily 
relies on short-term clinical trial results, which are extrapo-
lated over an individual’s lifetime using health economic 
models. We only identified two stand-alone studies based 
on empirical data; two more studies reported short-term 
within-trial results in combination with lifetime model-
based outcomes. The two stand-alone studies obtained good 
CHEC scores but only included health benefits over a limited 
period (6–12 months). Thus, the potential long-term effects 
of improved glycemic control on diabetes-related complica-
tions were not explored. Nevertheless, both studies found 

CGM to be cost effective. By contrast, ICERs ranged from 
dominant to values over US$4 million per QALY in the 
model-based studies. The magnitude of short-term benefits 
found in these two studies were 0.030–0.037 QALYs. These 
values lie within the − 0.014 to 3.810 range reported for the 
model-based studies.

4.2 � Critical Appraisal

The majority of the studies were based on models. In this 
section, we critically appraise key findings on the choice 
of comparator, model quality and validation, the modeling 
of effects and costs, and QoL to provide a rationale for our 
recommendations.

The reviewed studies evaluated a variety of combina-
tions of modes of insulin administration and CGM devices. 
To remain relevant in a field characterized by rapid inno-
vation, the choice of relevant comparators is important. 
These should comprise the next best alternative, or care-
as-usual options. However, many studies compared a single 
combination of a CGM device and insulin administration 
with SMBG. In many high-income countries, SMBG may 
no longer be a relevant comparator, with this comparison 
yielding no insight into second-best alternatives. Given the 
wide variety of available options, a systematic approach 
is required. This was only accomplished in two extensive 
HTA reports [36, 37] commissioned by a healthcare deci-
sion maker. Ideally, studies should entail a (network) meta-
analysis of all relevant alternatives to assess the effectiveness 
of various treatment options [21].

Although CGM entails lifelong blood glucose manage-
ment, effects have only been measured in studies with lim-
ited follow-up times [71, 106]. Studies with a follow-up 
period of 2 years showed that patients experienced a sus-
tained improvement in glycemic control and QoL [4]. The 
conclusions of systematic reviews regarding effects other 
than HbA1c reduction were conservative [71, 106]. While 
all studies used HbA1c reduction as the primary CGM 
effect, most studies also included fear of hypoglycemia as 
an effect. Only two studies included an effect on ketoacidosis 
[31, 50]. The studies in our review generally did not report 
the duration of CGM effects; those that did so using a life-
time (continuous) effect offered no justification. Only two 
studies considered the possibility that effects would change 
over time [36, 37]. In sum, most studies were unclear or 
overly optimistic about long-term effects on the one hand, 
while on the other hand, a few studies used conservative 
assumptions that in turn could be overcautious. Future evalu-
ations of CGM should refer to available meta-analyses and 
make transparent and reasonable assumptions regarding 
the duration of the CGM effect. The effects of alternative 
assumptions concerning the duration of the effect and impact 
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on hypoglycemia, fear of hypoglycemia, and ketoacidosis 
should be explored using elaborate sensitivity analyses.

The QoL used in the studies often included a mix of 
sources, including T2D and general population studies using 
various questionnaires administered in different countries. 
For complications other than hypoglycemia, fear of hypogly-
cemia, and ketoacidosis, it is probably acceptable to use QoL 
weights from non-T1D populations, but some justification 
would be expected. For uncomplicated T1D (baseline utility) 
and complications directly affected by glucose monitoring, 
the use of specific QoL studies linked to T1D is probably 
optimal.

Cost-analysis approaches varied widely, and costing ele-
ments evidenced little consistency. This is a concern given 
the existence of clear guidelines [19]. In our opinion, costing 
should be complete, and should always include the costs 
of monitoring devices, insulin administration devices and 
consumables such as test strips as well as eventual device 
replacement. Moreover, insulin costs were only included for 
one-third of the studies, although insulin use and therefore 
related costs can be affected by CGM.

In light of these findings, the considerable variability in 
cost-effectiveness outcomes reported in a previous review 
[8] can be partly explained by substantial differences in 
costing approaches as well as differences in the types of 
interventions, populations, and corresponding effect sizes. 
However, differences in the models used likely explain little 
of these differences, as most of the selected studies applied 
the CORE Diabetes Model or a variant of the model devel-
oped by McQueen et al. [32].

Important omissions apart from the above-discussed 
lack of clarity concerning extrapolation of treatment effects 
included the lack of justification of model and input data 
choices and of a sound structural uncertainty analysis. These 
all reduced study quality scores. Although several studies 
analyzed parameter uncertainty, quality and transparency 
were often problematic. For instance, only a selection of 
parameters was varied in the univariate sensitivity analysis, 
and the information on distributions used was often incom-
plete. Moreover, while most studies included some form of 
deterministic sensitivity analysis, not all studies included 
a state-of-the-art probabilistic sensitivity analysis [22]. All 
of these gaps underline the importance of following exist-
ing model quality and reporting guidelines provided in the 
Philips checklist.

In diabetes modeling, an active group of modelers per-
form cross-model comparisons and address challenges relat-
ing to internal and external validation [101–103]. There-
fore, we expected diabetes models to stand out in this area. 
However, limited reporting of validation procedures was 
performed in the reviewed papers, and the few available 
references were limited to validation using older-model 

versions. Furthermore, validation of conceptual models or 
input data was poorly reported and likely underperformed in 
most studies included in our review. This issue was linked to 
low scores for justification of the model structure or struc-
tural uncertainty testing using the Philips checklist. It was 
also linked to many items on input data choices and process-
ing. Validation of both the conceptual model and input data 
and good modeling practice should therefore receive more 
attention in future studies.

Referencing a dedicated paper on model validation is not 
sufficient in itself, as a model should be valid for its intended 
application. Accordingly, it should be sufficiently adapted 
to the application setting [29]. Few studies tested whether 
the intervention effect sizes were validly implemented into 
the model. Moreover, few studies reported on any setting-
specific adaptation other than the application of local costs. 
Additionally, applications should use the most recent model 
version. However, of the 24 studies using the CORE Dia-
betes Model, few reported the model version, and the stud-
ies invariably referred to early (2004) CORE publications, 
which do not elucidate current T1D applications.

4.3 � Limitations and Strengths of the Study

Limitations of this review relate to the inherently subjec-
tive nature of quality and transparency scoring. In particu-
lar, the Philips checklist raised many issues, with an initial 
high degree of disagreement among the four co-authors who 
scored these items. Even after several consensus-building 
meetings, inconsistencies remained between scoring duos. 
We solved this issue by rescoring after including additional 
agreements about scoring an item as being of sufficient qual-
ity. We attempted to strike a balance between stringency 
and leniency. Being overly strict and only judging what 
was reported in the paper itself, or its supplementary sec-
tions, would have resulted in negative responses for most 
items in almost all of the studies. Therefore, we included 
references to key modeling studies, and for a few items we 
scored quality at the level of the model rather than the paper. 
Similarly, our AdViSHE scores were model-centered. Had 
we based them purely on the evaluation studies, the scores 
would have been very low. Having 24 studies of a single 
model, compared with eight studies with other models, will 
have impacted our results for model quality and validity. For 
model validity, we added a figure with scores at model level 
to the online resources, indicating this would not substan-
tially change conclusions. For Philips, this was not a feasible 
option, given that many items refer to the application, not 
to the model.

Although we used an approach of independent scoring 
by two authors, followed by consensus-building meetings, 
and checked both references and supplemental information, 
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scoring quality on the basis of publications has limitations. 
This is because studies could have performed well for some 
aspects, which the authors did not report. In such cases, 
we could not appreciate the quality of the complete study. 
However, as we used the well-known Philips and AdViSHE 
checklists, it could be argued that lack of clarity on items 
in these checklists also indicated poor quality, if not in the 
modeling or validation approach then in the reporting.

It should be noted that decision models in health eco-
nomics require maintenance and updates. Therefore, it is 
questionable whether some model-based studies were refer-
ring to the same model version as the one applied in the 
economic evaluation, which will have affected our scores. 
Another limitation was that data extraction was performed 
by four co-authors, implying that no single author extracted 
all the studies. However, the advantage of our approach was 
that it highlighted inconsistencies between duos, and we held 
several consensus-building meetings, thereby reducing the 
risk of bias in scoring subjective items.

A strength of this review was that we paid special atten-
tion to all costing elements and QoL weights included in 
the various studies. Furthermore, we examined methodo-
logical quality and model validation. In addition, we care-
fully sorted out the diverse devices and classified them by 
monitoring device and insulin administration methods. A 
co-author with clinical expertise checked all classifications.

The comparability of study outcomes could potentially 
be reduced by the broad range of selection criteria that we 
applied. However, the goal of our review was not to explain 
differences in ICERs between specific studies; rather, it was 
to analyze the variety of methodological decisions, which 
could affect not only results but also the quality of the analy-
ses. Strict selection criteria relating to the study population, 
insulin administration, ethnicities, nationalities, and age 
could result in less diverse ICERs. However, such a selection 
would not be a random sample in terms of methodological 
quality and give an incomplete picture of quality.

4.4 � Summary of Recommendations

We have presented a critical appraisal of the studies’ per-
formance relating to transparency, study quality, and model 
validation. We did not identify any studies that could serve 
as models of good practice for all these elements, although 
the two HTA reports performed well in many respects [36, 
37]. We observed a large set of routinely performed repeti-
tions of similar comparisons in many settings among the 
included studies. Interpreting the diverse outcomes and 
relating them to differences in model quality was challeng-
ing given the lack of transparency. However, we tagged cer-
tain points, consideration of which could lead to favorable 
ICERs. The first was the assumption of an effect on fear 
of hypoglycemia despite unclear evidence for this in recent 

meta-analyses [71, 106]. The second concerns the exclusion 
of certain cost components, such as changes in insulin use 
and insulin pump-related costs. The third is the assumption 
of lifelong effects on glucose levels in the absence of trials 
with a follow-up period beyond 2 years. Last, most interven-
tions were compared with SMBG, even for sophisticated 
CGM devices that could also be compared with simpler 
devices instead of SMBG.

The main recommendation for researchers performing 
economic evaluations of CGM is that they should follow 
existing guidelines on best practices concerning model trans-
parency and validation, and use the available reporting tools. 
Several reporting checklists are relevant, including CHEERS 
[19], the Diabetes transparency checklist [96], the Philips 
checklist [21] and the AdViSHE checklist [24].

An ‘ideal’ study could use the following specific recom-
mendations. First, studies should apply a (network) meta-
analysis of all relevant alternatives to assess the effective-
ness of various treatment options [21]. Second, assumptions 
on CGM effects and their duration should be transparent 
and reasonable, and at the very least, elaborate sensitivity 
analyses should be performed using available meta-analyses 
[71, 106]. Third, we recommend the use of specific QoL 
studies for assessments of the uncomplicated stage of T1D 
and for complications directly affected by glucose monitor-
ing. Fourth, costing should be complete. Fifth, researchers 
should pay more attention to the quality of the conceptual 
model and input data, justifying their choices. Last, models 
should be sufficiently validated in terms of the intervention 
at stake to ensure their adaptation to the setting. Moreover, 
the model version should be reported.

5 � Conclusion

CUAs of CGM showed deficits in quality and transparency. 
Improvements are possible through the adoption of system-
atic approaches to data selection, performance of uncertainty 
analyses, enhanced clarity of reporting, and the justification 
of choices made in the modeling process. The requirement of 
comparing all relevant and feasible options was rarely met, 
while this is essential to assure decision makers, especially 
in the case of a rapidly evolving technology such as CGM 
and insulin administration.

Most of the decision models used in health economics 
have been well documented in background papers, and some 
have been extensively validated. Our review revealed that 
this is a necessary condition for replicable and good-quality 
applications but it is not sufficient in itself, highlighting the 
need to follow existing guidelines on best practices.
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