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Abstract

Background: Clinical guidelines recommend a stepped-escalation treatment strategy for type 2 diabetes (T2DM).
Across multiple treatment strategies varying in efficacy and costs, no clinical or economic studies directly compared
them. This study aims to estimate and compare the cost-effectiveness of 10 commonly used pharmacologic
combination strategies for T2DM.

Methods: Based on Chinese guideline and practice, 10 three-stepwise add-on strategies were identified, which start
with metformin, then switch to metformin plus one oral drug (i.e., sulfonylurea, thiazolidinedione, a-glucosidase
inhibitor, glinide, or DPP-4 inhibitor) as second line, and finally switch to metformin plus one injection (ie., insulin
or GLP-1 receptor agonist) as third line. A cohort of 10,000 Chinese patients with newly diagnosed T2DM was
established. From a healthcare system perspective, the Cardiff model was used to estimate the cost-effectiveness of
the strategies, with clinical data sourced from a systematic review and indirect treatment comparison of 324 trials,
costs from claims data of 1164 T2DM patients, and utilities from an EQ-5D study. Outcome measures include costs,
quality-adjusted life-years (QALYs), incremental cost-effectiveness ratios (ICERs), and net monetary benefits (NMBs).

Results: Over 40-year simulation, the costs accumulated for a patient ranged from $7661 with strategy 1 to $14,273
with strategy 10, while the QALY gains ranged from 13.965 with strategy 1 to 14.117 with strategy 8. Strategy 7 was
dominant over seven strategies (strategies 2~6, 9~10) with higher QALYs but lower costs. Additionally, at a
willingness-to-pay threshold of $30,787/QALY (i.e, 3 times GDP/capita for China), strategy 7 was cost-effective
compared with strategy 1 (ICER of strategy 7 vs. 1, $3371/QALY) and strategy 8 (ICER of strategy 8 vs. 7, $132,790/
QALY). Ranking the strategies by ICERs and NMBs, strategy 7 provided the best value for money when compared to
all other strategies, followed by strategies 5, 9, 8, 1, 3, 6, 10, 2, and 4. Scenario analyses showed that patients insist
on pharmacologic treatments increased their QALYs (0.456~0.653) at an acceptable range of cost increase (ICERs,
$1450/QALY~S$12,360/QALY) or even at cost saving compared with those not receive treatments.

Conclusions: This study provides evidence-based references for diabetes management. Our findings can be used
to design the essential drug formulary, infer clinical practice, and help the decision-maker design reimbursement
policy.
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Background

Type 2 diabetes (T2DM) as a chronic progressive disease
imposes a substantial disease burden on patients and the
healthcare system [1]. China has the world’s largest dia-
betes epidemic, with 116.4 million adults with diabetes
in 2019 [1]. Total diabetes-related health expenditure
reached $109.0 billion, ranking second to the USA glo-
bally [1]. How to properly reduce medical expenses
along with improving patients’ health has become a
common concern of patients, governments, and the soci-
ety. Chinese clinical guidelines advocate a stepwise
failure-driven treatment strategy for blood glucose low-
ering that leads to the sequential addition of therapies
[2]. Metformin is the preferred initial therapy, which is
recommended to be maintained throughout the treat-
ment [2]. Once metformin fails to achieve glucose target,
multiple oral glucose-lowering drugs were available as
add-on therapy to metformin, such as sulfonylurea, thia-
zolidinedione, «-glucosidase inhibitor, glinide, and
dipeptidyl peptidase 4 (DPP-4) inhibitor. If oral dual
therapy fails to effectively control glucose, injections like
insulin or glucagon-like peptide 1 (GLP-1) receptor
agonist can be added onto metformin [2].

A number of choices for add-on glucose-lowering
treatment have increased uncertainty regarding the opti-
mal treatment path, while increasing the complexity of
treatment choice in clinical practice. A nationwide sur-
vey of treatment pattern of oral drugs users in China re-
ported that metformin was used by 53.7% of T2DM
patients, followed by sulfonylureas (42.7%), o-
glucosidase inhibitors (35.9%), glinides (27.5%), thiazoli-
dinediones (17.2%), and DPP-4 inhibitors (0.8%) [3].
Dual combination therapy was more commonly used
than monotherapy, of which metformin plus sulfonyl-
ureas was the most common (27.7%), followed by met-
formin plus glinides [3]. Medication adherence was
unsatisfactory in China with 31.9% of the patients alter-
ing treatment regimens within 1 year. The main reasons
cited for treatment alterations were insufficient efficacy
(21.9%), adverse reaction (4.3%), and treatment budget
(1.7%) [3]. Poor adherence would in turn impede treat-
ment effect, further to increase the risks of diabetes-
related complications and healthcare costs [4—6]. Lack
of a comprehensive understanding of the efficacy, safety,
and costs of the existing treatments is a potential reason
for the failure to choose appropriate treatment.

Informed decisions regarding optimal prescribing and
reimbursement of glucose-lowering drugs by healthcare
payers require information about efficacy, costs, and
cost-effectiveness. It is important to study the costs and
benefits of the existing glucose-lowering treatments, to
help clinicians and decision-makers choose the most
cost-effective treatments. However, clinical evidence of
head-to-head studies that directly compared all the
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glucose-lowering treatments against each other can
hardly be fully obtained [7]. Besides, T2DM treatment is
a lifetime task that often requires a sequential use of
drug monotherapy and a combination of drugs to ensure
intensive glycemic control. Thus, it is of value to con-
duct economic evaluations based on a lifelong treatment
strategy, to evaluate the therapies used by a patient from
the start of medication to the end of life. This could help
us comprehensively understand the impacts of different
treatments on disease burden of patients. However, eco-
nomic evaluations of glucose-lowering treatments in
China were mostly short-term cost-effectiveness analyses
conducted alongside the clinical trials, and several long-
term modeling studies focused on several individual
drugs as monotherapy or add-on therapy at a specific
treatment stage. There was a lack of clinical or economic
studies that directly compared all the existing lifelong
treatment strategies against each other within one study.

Therefore, this study aimed to estimate and compare
the lifetime cost-effectiveness of 10 commonly used
pharmacologic combination strategies for patients with
newly diagnosed T2DM in China, so as to provide uni-
fied hierarchies of evidence for the holistic management
of T2DM.

Methods

From a healthcare system perspective, the cost-
effectiveness of the pharmacologic combination strat-
egies was evaluated using an existing stochastic simula-
tion model, the Cardiff diabetes model.

Model overview

The Cardiff diabetes model is a patient-level fixed-time
increment, Monte Carlo micro-simulation model, which
is designed to evaluate the cost-effectiveness of compar-
able treatment strategies in diabetes [8—14]. Each treat-
ment strategy is comprised of three therapy lines. The
model simulates multiple disease courses and predicts
the occurrences of diabetes-related complications and
death based on the United Kingdom Prospective Dia-
betes Studies (UKPDS) 68 or 82 risk equations, com-
bined with patient characteristics, clinical risk factors,
and treatment-induced changes in the clinical risk fac-
tors [13, 14]. The risk factors include glycosylated
hemoglobin Alc (HbAlc), cholesterol, blood pressure,
and weight. The natural progressions of HbAlc, choles-
terol, and blood pressure are modeled via the implemen-
tation of UKPDS 68 risk equations, and that of weight is
modeled linearly based on a weight gain of 0.1kg per
year by default. The logical flow of the model is shown
in Fig. 1. Diabetes-related complications include macro-
vascular events (i.e., ischemic heart disease, myocardial
infarction, congestive heart failure, and stroke) and
microvascular events (i.e., blindness, end-stage renal
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Fig. 1 Logical flow of patient simulation process in the Cardiff diabetes model

disease, and amputation). Model inputs include patient
profiles of the initial cohort, treatment effects and phar-
macy costs of glucose-lowering treatments, and costs
and utility changes associated with diabetes-related
events.

The UKPDS 68 risk equations were used in the base-
case analysis, and the UKPDS 82 risk equations were
tested in the sensitivity analysis. A lifetime horizon of
40 years was simulated with a discount rate of 3% for
costs and benefits [15]. Outcome measures include costs,
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quality-adjusted life-years (QALYs), incremental cost-
effectiveness ratios (ICERs), and net monetary benefits
(NMBs). The ICER is calculated as incremental costs di-
vided by incremental QALYs of two treatment strategies.
As this study had multiple treatment strategies, they
were ranked as follows: (i) rank the strategies in order of
costs and compare each strategy to its adjacent and
lower-cost alternative; (i) rule out strongly dominated
alternatives (i.e., with higher cost but lower QALY com-
pared with its adjacent); (iii) calculate ICERs based on
the comparisons of moving to increasingly costly and in-
creasingly effective alternatives; (iv) if the ICER associ-
ated with moving to more costly alternative falls, then
the lower-cost alternative used to calculate the ICER is
extendedly dominated and is ruled out; (v) recalculate
ICERs based on comparisons of moving to increasingly
costly but increasingly effective alternatives that are nei-
ther strongly nor extendedly dominated; and (vi) com-
pare the ICER with willingness-to-pay/QALY—if it is
within willingness-to-pay/QALY, the higher-cost alterna-
tive used to calculate the ICER is cost-effective; other-
wise, the lower-cost one is cost-effective [16]. The NMB
is calculated as QALYs times willingness-to-pay/QALY,
minus costs of each strategy. It is a rearrangement of the
cost-effectiveness decision rule that summarizes the dif-
ference between the economic value of health benefits
and the costs [16—18]. The larger the NMB value, the
more cost-effective the strategy is [16—18]. This study
used a willingness-to-pay threshold of ¥212,676 ($30,
787)/QALY (3 times gross domestic product per capita
of China, 2019) [19] according to the Chinese guideline
[20].

Patient cohort and patient profiles

An initial patient cohort of 10,000 Chinese adult patients
with newly diagnosed T2DM was established. Patient
profiles of the cohort were sourced from a nationwide
prospective cohort study [21, 22]. The study recruited
5770 Chinese patients with newly diagnosed T2DM
from 79 hospitals across six geographic regions of China,
which had comprehensive baseline patient profiles. As it
only reported body mass index (BMI) and weight of the
patients, height was calculated using BMI and weight
(Table 1) [21, 22].

Treatment strategy

A treatment strategy was defined to consist of a three-
stepwise escalation treatment path in this study based
on the Chinese clinical guideline [2] and the setting of
Cardiff diabetes model. Ten pharmacologic combination
strategies were identified based on the Chinese clinical
guideline and clinical practice [2]. Patients started the
simulation by receiving metformin monotherapy (first
step). When patients’ glucose control did not reach the
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target of HbAlc level < 8%, the first therapy escalation
occurred: they switched to an oral dual therapy of one of
the five classes of oral drugs (i.e., sulfonylurea, thiazolidi-
nedione, a-glucosidase inhibitor, glinide, or DPP-4 in-
hibitor) added onto metformin (second step). When the
HbA1lc level continues to exceed 9%, the second therapy
escalation commenced: patients switched to another
dual therapy of one injection (i.e., insulin or GLP-1 re-
ceptor agonist) added onto metformin, and they stayed
on this treatment for the remaining time-horizon or
until death (third step). The strategies were labeled as
strategy 1 to strategy 10 (Fig. 2). This study assumed
that all patients persisted in the allocated three-stepwise
strategy for the whole time-horizon, and the criterion
for therapy switch was therapy escalation when patient’s
HbAlc crosses the specified thresholds. The HbAlc
thresholds for therapy escalation were set based on con-
sultation with the doctors. The analyses were conducted
based on the whole class of drugs (e.g., sulfonylurea) ra-
ther than individual drugs (e.g., glyburide). Sulfonylurea
includes glyburide, glimepiride, gliclazide, glipizide, and
gliquidone. Thiazolidinedione includes rosiglitazone and
pioglitazone. a-Glucosidase inhibitor includes acarbose,
voglibose, and miglitol. Glinide includes repaglinide,
nateglinide, and mitiglinide. DPP-4 inhibitor includes
sitagliptin, saxagliptin, vildagliptin, linagliptin, and alo-
gliptin. Insulin includes various kinds of insulin and in-
sulin analogs. GLP-1 receptor agonist includes exenatide
and liraglutide [2].

Treatment effects

There were no head-to-head studies that directly com-
pared all the glucose-lowering treatments against each
other. Thus, treatment effects of the glucose-lowering
treatments were sourced from a systematic review and
estimated by meta-analysis and indirect treatment com-
parison (Table 1). Systematic review was conducted by
searching Chinese databases (China National Knowledge
Infrastructure, WanFang Data, Chongqing VIP) and
English databases (PubMed, Embase, Web of Science,
ScienceDirect, Cochrane Library). Randomized con-
trolled trials (RCTs) (> 12 weeks) published during 1990
to 2016, which estimated the treatment effect of “a
glucose-lowering drug added onto metformin vs. metfor-
min” or “metformin vs. placebo/lifestyle intervention” in
Chinese T2DM patients (> 18 years) with and without a
background of lifestyle interventions, were identified.
Detailed eligibility criteria were shown in Additional
file 1: Table S1. Search terms were type 2 diabetes and
the targeted glucose-lowering drugs (Additional file 1:
Table S2). The flow diagram of study selection was
shown in Additional file 1: Fig. S1. Finally, 324 RCTs
were identified [32—-355]. Baseline characteristics and
risk of bias of these RCTs were shown in Additional
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Patient profiles of
the initial cohort

Patient
characteristics

Age, year

Female
proportion, %

Duration of
diabetes, year

Height, meter?

Smokers
proportion, %

Modifiable risk
factors

HbA1c, %
TC, mg/dI®
HDL-C, mg/dI®
LDL-C, mg/diP
SBP, mmHg
Weight, kg©
Treatment effects
of first therapy®
HbATc change, %
TC change, mg/d®

HDL-C change,
mg/dI®

SBP change, mmHg
Weight change, kg®

Symptomatic
hypoglycemia, %*

Severe
hypoglycemia, 9%F

Gastrointestinal
reactions, %

Treatment effects of
second therapy®

HbATc change, %
TC change, mg/dI®

HDL-C change,
ma/dl®

SBP change, mmHg
Weight change, kg®
Symptomatic
hypoglycemia, %°
%

Gastrointestinal
reactions, %

Treatment effects
of third therapy®

Se{vere hypoglycemia,

HbATc change, %

Value

Mean

557
458

0.50

1.65
22

Mean

840
193.05
46.33
111.97
129
68.20
Metformin
Mean
—157
—-30.50
10.04

-036
—751
1.81

0.04

215

Metformin +
sulfonylurea

Mean
—261
—6.56

—3.80
-095
446

0.09

462
Metformin +
insulin

Mean

—251

SE

0.17
0.70

0.02
0.50

SE

0.03
0.66
0.20
051
0.18
242

SE

0.22
6.30
236

2.26
1.09
1.04

1.06

SE

0.18
236
325

117
121
057

0.01

059

SE
0.29

Source

[21, 22]

[21,22]

Source

Meta-analysis
and indirect
treatment
comparison

Metformin +
thiazolidinedione

Mean SE

—240 022
—8.88 481
541 573
—4.64 3.06
—142 1.69
1.52 0.98
0.03 0.02
762 141

Metformin + GLP-1
receptor agonist

Metformin + a-
glucosidase inhibitor

Mean SE
-241 0.28
—31.66 12.06
11.58 552
—3.68 3.02
-270 1.60
0 137
0 0.03
9.62 1.55
Source

Mean

—289

SE
0.20

Meta-analysis
and indirect

Metformin +
glinide

Mean SE
—264 025
-2.70 5.10
-463 6.50
—8.06 143
0 1.19
0 0.02
762 174

Metformin +
DPP-4
inhibitor
Mean SE
—-252 022
—2432 546
2.70 424
—-622 252
-414 136
054 1.06
0.01 0.02
6.62 1.27

Source

Meta-analysis
and indirect
treatment
comparison
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Table 1 Model inputs: patient profiles, treatment effects, costs, and utility changes (Continued)

TC change, mg/d® —-69.50 12.15 —55.60 7.88 treatment
HDL-C change, - - 0 571 comparison
mg/dI®
SBP change, mmHg - - —7.38 162
Weight change, kg®  —4.22 269 - 754 092
Symptomatic 347 0.58 347 0.58
hypoglycemia, %
Severe hypoglycemia, 0.07 0.01 0.07 0.01
%f
Gastrointestinal 11.78 222 6.78 0.98
reactions, %
Costs of glucose- Cost, ¥ ($)%' Individual drug Cost, ¥ ($)%"  Source
lowering treatments
Metformin 679.05 (98.30) Metformin 679.05 (98.30)  [23]
Sulfonylurea 632.74 (91.60) Glyburide 2.70 (0.39)
Glimepiride 121095
(175.30)
Gliclazide 414.59 (60.02)
Glipizide 902.72
(130.68)
Thiazolidinedione 1148.06 (166.19) Rosiglitazone 938.83
(135.90)
Pioglitazone 1357.28
(196.48)
a-Glucosidase 1815.60 (262.83) Acarbose 1830.98
inhibitor (265.05)
Voglibose 1356.07
(196.30)
Miglitol 2259.77
(327.12)
Glinide 1124.13 (162.73) Repaglinide 1259.80
(182.37)
Nateglinide 98846
(143.09)
DPP-4 inhibitor 3069.95 (444.41) Sitagliptin 2814.34
(407.40)
Saxagliptin 3017.02
(436.74)
Vildagliptin 319247
(462.14)
Linagliptin 313721
(454.14)
Alogliptin 3188.72
(461.60)
GLP-1 receptor 14,578.94 (2110.44) Exenatide 18,990.33
agonist (2749.03)
Liraglutide 10,167.55
(1471.85)

Insulin cost per kg 0.137 (0.020) - -
weight per day

Costs and utility Fatal costs, ¥ ($)¢ Non-fatal costs, Maintenance costs, Source  Utility change Source
changes associated ¥ ($)° ¥ ($)°
with diabetes-related
events Mean SE Mean SE Mean SE Mean SE
Ischemic heart 2157418 6359.88 23,860.32 1576.61 3293.02 435.07 Claims - 0.005 [24]
disease (3123.07) (920.65) (3454.01) (228.23) (476.70) (62.98) data 0.028
Myocardial infarction  39,463.58 8360.32 53,131.50 377474 6543.01 - - 0.005
(5712.74) (1210.24) (7691.30) (546.43) (947.16) 0.028

Congestive heart 35521.34 13,196.13 32469.77 631533 311324 17976 - 0.005
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Table 1 Model inputs: patient profiles, treatment effects, costs, and utility changes (Continued)
failure (5142.06) (1910.27) (4700.31) (914.21) (450.67) (260.22) 0.028
Stroke 69,427.06 (10, 18,792.10 25,465.96 241801 427423 735.06 0.006
050.24) (2720.34) (3686.44) (350.03) (618.74) (106.41) 0.101
Amputation - - 22,281.86 - 354236 - 0.009
(3225.52) (512.79) 0.118
Blindness - - 15,846.21 617.89 5227.01 484.87 — 0.005
(2293.89) (89.45) (756.66) (70.19) 0.022
End-stage renal 15,531.40 371552 16,002.73 55407 5595.21 54332 - 0.006
disease (224832) (537.86) (2316.55) (80.21) (809.96) (78.65) 0.058
Symptomatic - 0 - Assumed  — 0.002
hypoglycemia 0.007
Severe hypoglycemia - 4116.10 - [25] - 0.004
(595.85) 0.008
Gastrointestinal - 0 - Assumed  — 0 [26]
reactions 0.034
BMI per unit increase  — - - - 0.001 [27]
0.0061
BMI per unit - - - + 0.001
decrease 0.0061
BMI-related costs Costs, ¥ ($)¢ BMI Costs, ¥ ($)? BMI Costs, ¥ ($)? Source
<23 0 29 14,230.2 (2059.96) 35 29,2529 (4234.64) [28]
24 17113 (247.73) 30 16,734.0 (2422.41) 36 31,756.7 (4597.09)
25 4215.1 (610.18) 31 19,237.8 (2784.86) 37 34,260.5 (4959.54)
26 67189 (972.63) 32 21,7416 (3147.31) 38 36,764.3 (5321.99)
27 92227 (1335.08) 33 24,2454 (3509.76) 39 39,268.0 (5684.42)
28 11,7264 (1697.51) 34 26,749.1 (3872.19) 240 41,771.8 (6046.87)

Sulfonylurea includes glyburide, glimepiride, gliclazide, and glipizide. Thiazolidinedione includes rosiglitazone and pioglitazone. a-Glucosidase inhibitor includes
acarbose, voglibose, and miglitol. Glinide includes repaglinide and nateglinide. DPP-4 inhibitor includes sitagliptin, saxagliptin, vildagliptin, linagliptin, and
alogliptin. Insulin includes various kinds of insulin and insulin analogs. GLP-1 receptor agonist includes exenatide and liraglutide

BMI body mass index, DPP-4 dipeptidyl peptidase 4, GLP-1 glucagon-like peptide 1, HbATc glycosylated hemoglobin Alc, HDL-C high-density lipoprotein-
cholesterol, LDL-C low-density lipoprotein-cholesterol, RCT randomized controlled trial, SBP systolic blood pressure, SE standard error, TC total cholesterol

?As only BMI and weight of the patients were reported, height was calculated by: sqrt (weight/BMI)

BThe unit of cholesterol in the included 324 RCTs was mmol/l, while the Cardiff model requires mg/dl, which was converted by: 1 mg/dl = 0.0259 mmol/I [29]
“The “criteria of weight for adults” published by the National Health Commission of China defines weight categories as underweight (BMI < 18.5 kg/m?), normal
weight (18.5 < BMI < 24 kg/m?), overweight (24 < BMI < 28 kg/m?), and obese (BMI > 28 kg/m?) [30]. As the BMI of patients in our initial cohort was 25 kg/m?, they

were overweight

%The treatment effect of each glucose-lowering treatment was with or without a background of lifestyle interventions

€Only BMI change was reported in the 324 RCTs, while the Cardiff model requires weight change; thus, it was calculated by: weight = BMI x height?
Hypoglycemia is differentiated as symptomatic and severe ones in the Cardiff model, but most of the 324 RCTs did not clearly differentiate between symptomatic
and severe episodes; thus, we estimated that a rate of 2% represented the proportion of severe cases out of all hypoglycemia events [25]

9For the costs, data are 2019 Chinese yuan, ¥ (2019 US dollar, $). One US dollar was equal to ¥6.908 in 2019 [31]

PAnnual pharmacy cost of a drug was calculated as its retail price times its annual dose. The retail price was sourced from government medicine purchase
platform, and the drug dose was obtained from the 324 RCTs. One year was counted as 365 days. For individual drugs, only the drugs reported in the 324 RCTs

were included

'Annual pharmacy costs of each drug class were calculated based on a simple arithmetic average of the costs of individual drugs

file 1: Table S3 and Fig. S2. A series of a priori random-
effects meta-analyses based on the assumption of sub-
stantial variability in treatment effect size across stud-
ies [356-358] and then adjusted indirect treatment
comparisons based on the Bucher method [359-361]
were conducted to synthesize the absolute treatment
effects of glucose-lowering treatments with and with-
out a background of lifestyle interventions from the
324 RCTs. The framework of meta-analysis and indir-
ect treatment comparison was shown in Additional
file 1: Table S4. Meta-analysis was done in Stata/SE
15.1, and indirect treatment comparison was done in
the indirect treatment comparison calculator

developed by the Canadian Agency for Drugs and
Technologies in Health [362, 363].

Costs

Direct medical costs for treating T2DM and its related
events were estimated. All costs were expressed in both
2019 Chinese yuan (¥) and US dollar ($). One US dollar
was equal to ¥6.908 in 2019 [31].

Annual pharmacy costs of each drug class were calcu-
lated based on a simple arithmetic average of the costs
of individual drugs. The cost of a drug was calculated as
its retail price times its annual dose. The retail price was
sourced from government medicine purchase platform
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If blood glucose control does not reach the target, proceed to next therapy
S Metformin
therapy
¢ A4 Y Y \ 4 A 4
Second Metformin + Metformin + r&:ﬁt‘;‘;‘cﬂ; Metformin + Metformin +
therapy Sulfonylurea Thiazolidinedione inhibitor Glinide DPP-4 inhibitor
Metformin Metformin Metformin Metformin Metformin
Third |Metformin|| + GLP-1 | |Metformin|| + GLP-1 ||Metformin|| + GLP-1 | |Metformin|| + GLP-1 ||Metformin|| +GLP-1
therapy | + Insulin receptor + Insulin receptor + Insulin receptor + Insulin receptor + Insulin receptor
agonist agonist agonist agonist agonist
Strategy  Strategy  Strategy  Strategy  Strategy  Strategy  Strategy  Strategy  Strategy  Strategy
1 2 3 4 5 6 7 8 9 10
Fig. 2 Treatment algorithm for blood glucose control in type 2 diabetes and treatment paths of the 10 pharmacologic combination strategies.
Sulfonylurea includes glyburide, glimepiride, gliclazide, glipizide, and gliquidone. Thiazolidinedione includes rosiglitazone and pioglitazone. a-
Glucosidase inhibitor includes acarbose, voglibose, and miglitol. Glinide includes repaglinide, nateglinide, and mitiglinide. DPP-4 inhibitor includes
sitagliptin, saxagliptin, vildagliptin, linagliptin, and alogliptin. Insulin includes various kinds of insulin and insulin analogs. GLP-1 receptor agonist
includes exenatide and liraglutide

[23], and the drug dose was obtained from the 324 RCTs
(Table 1). A total of 19 drugs were searched in the plat-
form, and 168 products were retrieved as a drug would
have multiple products in different specifications, dose
forms, or manufacturers (Additional file 1: Table S5). In-
sulin cost per kilogram weight per day was assumed to
be ¥0.137 ($0.020) based on the inherent profile of Car-
diff model.

Treatment costs of diabetes-related complications
were collected from Jinan municipal claims database.
The database was linked with the hospital information
system of Shandong Provincial Hospital, and the claims
data of adult T2DM patients who were hospitalized and
had regular follow-ups for their complications at the
hospital between 2013 and 2016 were extracted. The
complications include ischemic heart disease, myocardial
infarction, congestive heart failure, stroke, blindness,
end-stage renal disease, and amputation. Two medical
doctors confirmed the patients’ diagnoses of complica-
tions by checking their medical records. A total of 1164
T2DM patients with complications were retrieved. The
costs associated with complications were split into fatal,
non-fatal, and maintenance costs. Cost for severe
hypoglycemia was sourced from an observational study
in China [25]. Because symptomatic hypoglycemia and
gastrointestinal reactions are usually not treated with
medication and relevant published evidence was not
available, their costs were assumed to be 0. BMI-related
costs indicating increased prescribing costs per unit

increase in BMI values were estimated from an observa-
tional study in China [28] (Table 1).

Utilities

Utility changes associated with diabetes-related events
were estimated mainly based on an EQ-5D study, which
included 7081 T2DM patients who were enrolled from
75 hospitals in nine cities in China and investigated the
utility values of T2DM with and without complications
or comorbidities [24]. Utility changes associated with
gastrointestinal reactions and BMI-related changes were
not reported in this study and thus were retrieved from
other sources [26, 27] (Table 1).

Sensitivity analysis

The impact of uncertainty around model inputs was
assessed by a series of univariate and probabilistic sensi-
tivity analyses. Univariate sensitivity analyses were car-
ried out by changing discount rate, simulation time,
HbA1c thresholds for therapy escalations, risk equations,
and BMlI-related utilities. Besides, we also conducted a
series of scenario analyses to estimate the cost-
effectiveness of the 10 pharmacologic combination strat-
egies after removing the effect of nonpharmacologic
treatments. Nonpharmacologic treatments were defined
as receiving lifestyle interventions and/or placebo, rather
than glucose-lowering drugs. Treatment effects of the
glucose-lowering treatments and nonpharmacologic
treatments were also abstracted from the 324 RCTs by
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using the method of meta-analysis and indirect treat-
ment comparison (Additional file 1: Table S6). The costs
of the glucose-lowering treatments were the same as in
the base-case analysis, and those of nonpharmacologic
treatments were assumed to be 0.

Results

Base-case results

All the 10 pharmacologic combination strategies showed
positive effects in controlling HbAlc, cholesterol, weight,
and blood pressure levels for Chinese T2DM patients
(Additional file 1: Fig. S3-S6). Total costs accumulated
over the lifetime ranged from ¥52,923 ($7661) to ¥98,
597 ($14,273) for an individual patient under different
strategies, the minimum being with strategy 1, resulting
in a cost of ¥52,923 ($7661), followed by strategy 7 (¥55,
729/$8067) and strategy 3 (¥56,374/ $8161), while strat-
egy 10 resulted in the maximum costs. In terms of
health benefits, overall discounted QALYs with different
strategies ranged from 13.965 to 14.117 for a patient
across his lifetime. Strategy 8 gained the highest QALYs
of 14.117, followed by strategy 7 (14.085) and strategy 10
(14.084), while strategy 1 gained the lowest QALYs. In
general, strategy 1 was associated with the lowest costs
and lowest QALY gains when compared with other nine
strategies, whereas strategy 10 resulted in the highest
costs but incrementally less QALY gains when compared
with strategy 7 and strategy 8 (Table 2, Fig. 3).

Overall, strategy 7 was dominant over seven strategies
(strategies 2~6, 9~10) with higher QALYs but lower
costs, reporting ICERs of - ¥24,215,636 (- $3,505,448)/
QALY to -¥5983 (- $866)/QALY. Because the ICERs
were ¥23,288 ($3371)/QALY when moving from strategy
1 to strategy 7 and ¥917,312 ($132,790)/QALY when
moving from strategy 7 to strategy 8, strategy 7 was
cost-effective compared with strategy 1 and strategy 8 at
a willingness-to-pay threshold of ¥212,676 ($30,787)/
QALY (Table 2). Ranking the strategies based on the
ICERs, strategy 7 provided the best value for money
when compared to all other strategies evaluated,
followed by strategy 5, strategy 9, strategy 8, strategy 1,
strategy 3, strategy 6, strategy 10, strategy 2, and strategy
4 (Additional file 1: Table S7). The results based on the
NMBs confirmed the above rankings. Strategy 7 would
generate additional ¥19,078 ($2762) in NMB compared
to the next best alternative (strategy 5), and ¥45,267
($6553) in NMB compared to the least cost-effective sce-
nario (strategy 4) (Table 2).

Sensitivity analysis results

Across all the sensitivity analyses, strategy 7 remained
the most cost-effective strategy when compared to other
strategies. HbAlc thresholds for therapy escalations and
risk equations were influential variables for the results.
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In the univariate sensitivity analyses, either when the dis-
count rate used was 3.5% [364] or when the simulation
time used was 30 years, all the strategies were associated
with reductions in the costs (the former, 6.7~8.6%; the
latter, 4.8~10%) and the QALY gains (the former,
4.8~4.9%; the latter, 2.5~2.6%) compared with that in
base case. All the strategies remained base-case ranks in
the former scenario, and only the ranks of strategy 8 and
9 swapped in the latter scenario. Besides, either when
applying HbAlc thresholds of 7% and 8% for second-
and third-line therapy escalation or when using UKPDS
82 risk equations, all the strategies increased the QALYs
(the former, 1~2%; the latter, 2~4.1%), yet also increased
the costs (the former, 14.6~87.1%; the latter, 0.6~11.9%)
compared with that in base case. Overall, three strategies
(strategies 2, 4, 7) in the former scenario and two strat-
egies (strategies 7, 9) in the latter scenario remained
base-case ranks. When alternative BMI-related utilities
were used (i.e., utility impact was 0.017 for per unit de-
crease in BMI and - 0.047 for per unit increase in BMI)
[365], the strategies had an increase of 3.4 to 5.5% in the
QALYs compared to that in base case, and four strat-
egies (strategies 3, 6, 7, 9) kept base-case ranks. In the
probabilistic sensitivity analyses, compared with that in
base case, all strategies had a slight decrease of 0.4 to
0.5% in the QALYs, among which four strategies had an
increase of 0.6 to 1.3% and six strategies had a decrease
of 0.1 to 1% in the costs. All the strategies remained
base-case ranks, which verified the base-case findings
(Table 3).

In the scenario analyses, compared with nonpharma-
cologic treatments, all the strategies predicted fewer in-
cidences of diabetes-related complications and mortality,
thus resulting in a mean incremental QALY of 0.532 for
a patient over 40 years, by a range of 0.456 QALYs with
strategy 3 to 0.653 QALYs with strategy 8. Two strat-
egies reduced costs by ¥14,581 ($2111) with strategy 1
and ¥14,805 ($2143) with strategy 7, and eight strategies
increased costs by ¥6277 ($909) with strategy 2 to ¥49,
142 ($7114) with strategy 10. Consequently, two strat-
egies (strategies 1, 7) were cost-saving with higher QALY
gains but lower costs, and eight strategies were cost-
effective with an ICER of ¥10,018 ($1450)/QALY for
strategy 8 to ¥85,380 ($12,360)/QALY for strategy 10,
when compared to nonpharmacologic treatments
(Table 3).

Discussion

There are multiple glucose-lowering treatments in
China; however, their effectiveness and especially the
costs vary from each other. Choosing high efficacious,
safe, and affordable treatments is the key for most
T2DM patients to insist on long-term medication. This
was the first study to estimate and compare the lifetime
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Table 2 Base-case results: cost-effectiveness of 10 pharmacologic combination strategies and strategy ranking (per patient)

Treatment  Cost, Life NMB, Rank Incremental NMB of two treatment strategies ', ¥ ($)
Strategy® ¥ ($)" QALY Year ¥($)° ¢ ICER of two treatment strategies °, ¥ ($) per QALY

ot S s ran B e B g e am am me m s
R e
R I e S N
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Strategy 1: metformin — metformin + sulfonylurea — metformin + insulin. Strategy 2: metformin — metformin + sulfonylurea — metformin + GLP-1 receptor
agonist. Strategy 3: metformin — metformin + thiazolidinedione — metformin + insulin. Strategy 4: metformin — metformin + thiazolidinedione — metformin +
GLP-1 receptor agonist. Strategy 5: metformin — metformin + a-glucosidase inhibitor — metformin + insulin. Strategy 6: metformin — metformin + a-glucosidase
inhibitor — metformin + GLP-1 receptor agonist. Strategy 7: metformin — metformin + glinide — metformin + insulin. Strategy 8: metformin — metformin +
glinide — metformin + GLP-1 receptor agonist. Strategy 9: metformin — metformin + DPP-4 inhibitor — metformin + insulin. Strategy 10: metformin —

metformin + DPP-4 inhibitor — metformin + GLP-1 receptor agonist

DPP-4 dipeptidyl peptidase 4, GLP-1 glucagon-like peptide 1, ICER incremental cost-effectiveness ratio, NMB net monetary benefit, QALY quality-adjusted life-year
“The treatment strategies were presented in the order of ascending costs in this table. Detailed results of the 10 pharmacologic combination strategies were

shown in Additional file 1: Table S8

PFor the costs, data are 2019 Chinese yuan, ¥ (2019 US dollar, $). One US dollar was equal to ¥6.908 in 2019 [31]

“The strategies were ranked based on both the ICERs and the NMBs. The strategy ranking process based on the ICERs was presented in Additional file 1: Table S7.
The larger the NMB value, the more cost-effective the strategy is. The ranking results based on the ICERs were equal to that based on the NMBs

dResults of the ICER of two treatment strategies are presented in the triangle area in the lower left corner of the table. The data indicate row-to-column
differences; for example, the ICER of strategy 7 vs. strategy 1 is ¥23,288 ($3371)/QALY

€“Dominated” indicates a strategy (row) that is more costly and less effective than its comparator (column); for example, strategy 3 is dominated by strategy 7
fResults of the incremental NMB of two treatment strategies are presented in the triangle area in the upper right corner of the table (gray area). The data indicate
row-to-column differences; for example, the incremental NMB of strategy 1 vs. strategy 7 is — ¥22,822 (- $3304)

cost-effectiveness of 10 commonly used pharmacologic
combination strategies for T2DM patients in China.
Results showed that based on current clinical practice,
strategy 7—involving the sequential addition of glinide
and insulin to first-line metformin therapy—was the
most cost-effective strategy, while strategy 4—involving
the sequential addition of thiazolidinedione and GLP-1
receptor agonist to first-line metformin therapy—was
the least cost-effective strategy when compared with all
other strategies evaluated. All five strategies that use
metformin plus GLP-1 receptor agonist as third line
were associated with higher costs compared to those
that use metformin plus insulin as third line. When
keeping the second-line therapy the same, a strategy
using metformin plus GLP-1 receptor agonist as third

line resulted in both higher QALYs and higher costs
compared with a strategy using metformin plus insulin.
When keeping the third-line therapy the same, addition
of glinide to metformin as second line was associated
with the highest QALY gains, followed by addition of
DPP-4 inhibitor, a-glucosidase inhibitor, thiazolidine-
dione, and sulfonylurea; conversely, addition of sulfonyl-
urea to metformin resulted in the lowest costs, followed
by addition of glinide or thiazolidinedione, and DPP-4
inhibitor was related to the highest costs. Previous study
reported that the most commonly used dual therapy was
metformin plus sulfonylureas, followed by metformin
plus glinides in a real-world setting in China [3]. Our
findings that metformin plus sulfonylureas costs less
than other dual therapies may somewhat account for
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® Strategy 1: metformin — metformin + sulfonylurea — metformin + insulin
O Strategy 2: metformin — metformin + sulfonylurea — metformin + GLP-1 receptor agonist
B Strategy 3: metformin — metformin + thiazolidinedione — metformin + insulin
O Strategy 4: metformin — metformin + thiazolidinedione — metformin + GLP-1 receptor agonist
# Strategy 5: metformin — metformin + o-glucosidase inhibitor — metformin + insulin
© Strategy 6: metformin — metformin + a-glucosidase inhibitor — metformin + GLP-1 receptor agonist
A Strategy 7: metformin — metformin + glinide — metformin + insulin
A Strategy 8: metformin — metformin + glinide — metformin + GLP-1 receptor agonist
# Strategy 9: metformin — metformin + DPP-4 inhibitor — metformin + insulin
X Strategy 10: metformin — metformin + DPP-4 inhibitor — metformin + GLP-1 receptor agonist
Fig. 3 Scatter plot of incremental cost-effectiveness ratios for 10 pharmacologic combination strategies. DPP-4, dipeptidyl peptidase 4; GLP-1,
glucagon-like peptide 1

this phenomenon. However, if patients want more health
benefits, it is of value to try metformin plus glinide.
Sensitivity analyses somewhat confirmed the base-case
results. All the strategies remained base-case ranks in
the probabilistic sensitivity analyses and in the univariate
sensitivity analyses where the discount rate used was
3.5%. Although the ranks of some strategies changed in
other sensitivity analyses, strategy 7 remained the most
cost-effective strategy when compared to other strat-
egies. This implied that the ranking results should be

used cautiously to avoid misleading conclusions instead of
denying their actual value for decision-makers. Besides,
prescribers should additionally take into consideration pa-
tients’ individual needs, preferences, and values, because a
patient-centered approach is recommended in choosing
pharmacologic treatments for T2DM [366, 367]. What-
ever, our results may have a practical importance, as
healthcare services are mainly provided by public medical
institutions, and value-based price negotiations are in-
creasingly used for reimbursement approvals in China.
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Because there are many patients not aware of the import-
ance of persistent pharmacologic treatments for T2DM in
China [368], we additionally quantified the long-term im-
pact of pharmacologic treatments on disease burden of
T2DM after removing the effect of nonpharmacologic
treatments. A patient persisted in pharmacologic combin-
ation treatments over 40 years was projected to obtain an
incremental benefit of 0.532 QALYs at an acceptable
range of cost increase or even at cost saving, compared
with those who did not receive pharmacologic treatments.

In the past decade, several studies in China have intro-
duced economic simulation models to predict and com-
pare the long-term costs and benefits of several glucose-
lowering therapies for T2DM. Palmer et al.,, Wu et al,, Li
et al,, and Chen et al. evaluated the cost-effectiveness of
different types of insulins using CORE diabetes model
[369—-373]. Gu et al. and Shao et al. estimated the cost-
effectiveness of saxagliptin (or dapagliflozin) vs. acarbose
(or glimepiride), and exenatide vs. insulin glargine using
the Cardiff diabetes model [374-378]. Zhu and Chen
assessed the cost-effectiveness of vildagliptin vs. pioglita-
zone vs. glimepiride, and sitagliptin vs. glimepiride vs.
acarbose as add-on therapy to metformin using UKPDS
model [379, 380]. However, all previous studies focused
on comparing several individual drugs as monotherapy or
add-on therapy at a specific disease stage and keeping
therapies at other disease stages the same. Besides, they all
used utility data from foreign populations to calculate
QALYs. Unlike them, our study first included almost all
individual drugs available in China to achieve comparisons
between different drug classes; second, we targeted at hol-
istic treatment strategies over lifelong disease stages; third,
we used utilities of Chinese patients for the first time.
Therefore, our study was poorly comparable with previous
studies. Only one study was found to compare the short-
term cost-effectiveness of six classes of oral glucose-
lowering drugs in China, based on daily pharmacy costs
and blood glucose reductions. Result showed that thiazoli-
dinedione was most cost-effective in reducing fasting and
2 h postprandial blood glucose, followed by biguanide, gli-
nide, sulfonylurea, a-glucosidase inhibitor, and Chinese
traditional medicine [7]. However, this study was also not
comparable with our study.

There were several limitations in this study. First, sys-
tematic review and meta-analysis have some inherent
methodological challenges, such as low study quality, po-
tential publication bias, and unexplainable heterogeneity,
that might affect the quality of clinical evidence. Besides,
because there was no direct clinical evidence for com-
paring different dual therapies against each other, indir-
ect treatment comparison was used, which might
introduce more uncertainties around synthesized esti-
mates compared with a direct head-to-head estimate.
Second, since there are no published risk equations
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based on the Chinese population, the UKPDS risk equa-
tions were used in our study. However, our study popu-
lation and the UKPDS population somewhat differed.
On the one hand, the UKPDS population consists of
82% white, 10% Asian Indian, and 8% Afro-Caribbean
patients with newly diagnosed T2DM [13, 381], while
our population were Chinese patients with newly diag-
nosed T2DM. On the other hand, the baseline risk fac-
tors, such as HbAlc level (8.4% in our population vs.
7.1% in UKPDS population), between the two popula-
tions were not fully identical. Thus, it is uncertain
whether the UKPDS risk equations may fit the Chinese
patients very well. Future studies should pay attention to
this issue. Third, our analyses were conducted based on
the whole class of drugs. However, not all drugs within a
class have the same efficacy, especially individual insulins
and GLP-1 receptor agonists. Thus, the efficacy used in
our study might be biased, depending on which individ-
ual drugs and RCTs have been included in the meta-
analysis. Besides, patients are prescribed an individual
drug rather than an average drug within a class in the
real world, which might limit the generalizability of our
results. Fourth, because the Cardiff model is not able to
model more than three escalation steps, treatment strat-
egies in our study are only composed of a three-stepwise
treatment path, so that other relevant and longer treat-
ment paths were not evaluated which may alter the find-
ings of the study. For the same reason, although the use
of insulins is stepwise (e.g., usually basal insulin is initiated
first, followed by bolus insulin), we simply included all
types of insulins into one insulin class. Fifth, evidence
showed that insufficient efficacy was the main reason for
treatment alteration in China, followed by adverse reac-
tion [3]. Our study assumed that therapy escalation occurs
when patient’s HbAlc fails to be controlled. However, as
there is a lack of China-specific evidence on treatment al-
teration induced by adverse reaction of every study ther-
apy, we did not include this in our analysis. Sixth, patients
starting injectable therapy in the model are at a much later
stage of the disease, while the patients in the RCTs
informing this treatment step might be at an earlier stage
of the disease; thus, they are likely at a different risk level.
Seventh, since there is a lack of China-specific disutility
values for blindness and end-stage renal disease, we con-
servatively used that of retinopathy and nephropathy as al-
ternatives. This may lead to an underestimation of both
complications on health. Lastly, because sodium-glucose
cotransporter 2 inhibitors were not included in the Chin-
ese clinical guideline at the time of our study, we did not
include this drug class.

Conclusions
This study provided comprehensive evidence on costs
and benefits of 10 commonly used pharmacologic
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combination strategies for patients, clinicians, and
healthcare decision-makers within a unified hierarchy.
This could improve their understanding of the cost-
effectiveness of the existing treatment strategies in
China, and help them choose high cost-effective treat-
ments based on individual patient’s preference and need
in clinical practice. In general, it is found that a strategy
starting with metformin, then transitioning to metformin
plus glinide as second line and finally using metformin
plus insulin as third line, provided the best value for
money when compared to all other strategies evaluated.
Besides, this study highlighted the importance of pro-
moting timely, rational, and sustained pharmacologic
treatments in reducing patients’ disease burden. Our
findings can be used to improve clinical guidelines, de-
sign the essential drug formulary, infer clinical practice,
and help the decision-maker to design reimbursement
policy.
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