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OBJECTIVE

While metformin is generally accepted as the ﬁrst-line agent in treatment of type 2
diabetes, there are insufﬁcient evidence and extensive debate about the best
second-line agent. We aimed to assess the beneﬁts and harms of four commonly
used antihyperglycemia treatment regimens considering clinical effectiveness,
quality of life, and cost.
RESEARCH DESIGN AND METHODS

We developed and validated a new population-based glycemic control Markov
model that simulates natural variation in HbA1c progression. The model was
calibrated using a U.S. data set of privately insured individuals diagnosed with
type 2 diabetes. We compared treatment intensiﬁcation of metformin monotherapy
with sulfonylurea, dipeptidyl peptidase-4 inhibitor, glucagon-like peptide-1 receptor
agonist, or insulin. Outcome measures included life-years (LYs), quality-adjusted lifeyears (QALYs), mean time to insulin dependence, and expected medication cost per
QALY from diagnosis to ﬁrst diabetes complication (ischemic heart disease, myocardial
infarction, congestive heart failure, stroke, blindness, renal failure, amputation) or
death.
RESULTS

According to our model, all regimens resulted in similar LYs and QALYs regardless
of glycemic control goal, but the regimen with sulfonylurea incurred signiﬁcantly
lower cost per QALY and resulted in the longest time to insulin dependence. An
HbA1c goal of 7% (53 mmol/mol) produced higher QALYs compared with a goal of
8% (64 mmol/mol) for all regimens.
CONCLUSIONS

Use of sulfonylurea as second-line therapy for type 2 diabetes generated glycemic
control and QALYs comparable with those associated with other agents but at
lower cost. A model that incorporates HbA1c and diabetes complications can serve
as a useful clinical decision tool for selection of treatment options.
Diabetes is one of the most prevalent and costly chronic medical conditions worldwide, incurring signiﬁcant burdens on individuals, society, and the health care
system. It is currently estimated that 25.8 million Americans, or 8.3% of the population, have diabetes (1). Glucose-lowering therapies are the cornerstone of diabetes management, with multiple epidemiological studies linking glycemic control
to a lower risk of diabetes-related complications and mortality. Large randomized
controlled trials have demonstrated a reduction in microvascular complications
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with intensive glycemic control, e.g.,
lowering glycosylated hemoglobin
(HbA1c) to ,6.5–8.0% (48d64 mmol/
mol), depending on the study (2–9). Evidence linking glycemic control to lower
macrovascular disease risk and mortality has been less conclusive; lowering
HbA 1c among younger patients with
newly diagnosed diabetes did reduce
cardiovascular event rates and mortality
in the UK Prospective Diabetes Study
(UKPDS) (5,6), but further reductions
among people with long-standing diabetes in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) and
Action in Diabetes and Vascular Disease:
Preterax and Diamicron MR Controlled
Evaluation (ADVANCE) studies and Veterans Affairs Diabetes Trial (VADT) did
not yield similar results (7–9). The exact
glycemic target in the treatment of diabetes therefore remains controversial,
with professional groups and regulatory
organizations currently recommending
lowering HbA1c to ,6.5% (48 mmol/
mol) (10), 7.0% (53 mmol/mol) (11), or
8.0% (64 mmol/mol) (12), except in
patients at high risk for hypoglycemia
or those with limited life expectancy or
multiple comorbid conditions that preclude safe intensive control.
There are currently 11 classes of
approved glucose-lowering medications, and the usage of these medications has varied from 1994 to 2007
(13). The 2011 Centers for Disease Control and Prevention diabetes fact sheet
reported that 58% of adults with diabetes are being treated with oral agent(s),
12% with insulin, and 14% with both insulin and oral agent(s) (1). Diabetes
medications alone accounted for 11.8%
of all prescriptions issued in the U.S. in
2012 at a cost of more than 18.3 billion
USD (14). Metformin has a long-standing
evidence base for efﬁcacy and safety, is
inexpensive, and is regarded by most as
the primary ﬁrst-line agent in the treatment of type 2 diabetes (10,11,15).
When metformin fails to achieve or
maintain glycemic goals, another agent
should be added; however, there is no
consensus or sufﬁcient empirical evidence
supporting the use of one second-line
agent over another (16). Over the past
decade, the mix of secondary agents
used in the treatment of diabetes has
changed signiﬁcantly, with increasing
use of newer glucose-lowering agents
such as dipeptidyl peptidase-4 (DPP-4)
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inhibitors and glucagon-like peptide-1
(GLP-1) receptor agonists in place of
older and less expensive drugs such
as sulfonylureas. This has resulted in a
dramatic rise in the cost of diabetes
medications and management; yet, the
long-term clinical beneﬁt of this shift is
uncertain (13).
In the absence of clinical trials directly
comparing alternative treatment regimens and considering the high cost
and challenges of running any such trials, we developed and validated a new
population-based glycemic control model
based on a Markov chain to compare the
real-world effectiveness and cost of different treatment regimens for individuals
newly diagnosed with type 2 diabetes.
We used this model to quantify differences among the regimens in terms of lifeyears (LYs), quality-adjusted life-years
(QALYs), and medication cost per QALY
necessary to achieve and maintain glycemic control from the time of diagnosis to
the development of ﬁrst major diabetesrelated complication, speciﬁcally, ischemic heart disease, stroke, blindness, renal
failure, amputation, or death from other
cause. We speciﬁcally chose these microand macrovascular complications of diabetes, as they have been used in most
large observational and interventional
studies of diabetes therapies (5,7–9).
Each regimen was tested using the
range of currently recommended glycemic control goals between HbA1c 6.5%
(48 mmol/mol) and 8% (64 mmol/mol)
both to conﬁrm model generalizability
and to identify the potential impact of
different glycemic control goals on patient
health, quality of life, and expenditure.
RESEARCH DESIGN AND METHODS
Treatment Regimens

We considered four treatment-intensiﬁcation regimens: metformin, sulfonylurea, and insulin (T1); metformin, DPP-4
inhibitor, and insulin (T2); metformin,
GLP-1 agonist, and insulin (T3); and metformin and insulin (T4). In each regimen,
patients started metformin monotherapy
when HbA1c reached the prespeciﬁed glycemic control goal. In T1–T3, treatment
was sequentially intensiﬁed by addition
of a second-line agent other than insulin,
and if or when HbA1c again exceeded the
glycemic control goal, insulin was initiated
(in place of the second-line agent) as the
third-line agent in combination with metformin. In T4, treatment was intensiﬁed
©

by directly adding insulin once HbA1c
exceeded the glycemic control goal. For
all regimens, there were no further treatment changes once insulin was initiated,
as it was assumed to maintain glycemic
control.
Markov Model

The Markov model is based on the 10 discrete HbA1c states presented in Supplementary Tables 1 and 2. Each state is
deﬁned by the conditional mean HbA1c
in a given interval for a patient newly
diagnosed with type 2 diabetes. The
mean HbA1c value for each state increases
linearly with respect to age according to a
linear trend factor. This common assumption, based on other published glycemic
control models (17,18), reﬂects the expected rise in HbA1c with age and anticipated deterioration of glycemic control. At
the beginning of each 3-month period,
treatment is initiated/intensiﬁed if HbA1c
exceeds the glycemic control goal. Treatment results in a proportional decrease in
HbA1c according to a medication effect estimated from observational data (Table 1).
If no diabetes complications or death occurs, patients undergo continued HbA1c
state transition based on the 3-month transition probability matrices provided in Supplementary Tables 1 and 2. Each treatment
regimen was evaluated using the Markov
model by backward induction (29). All analyses were conducted using MATLAB
R2012b (MathWorks, Inc., Natick, MA).
Outcome Measures

We considered four outcome measures
related to primary prevention: expected
LYs, expected QALYs, mean time to insulin
dependence, and expected medication
cost per QALY for maintaining glycemic
control from diagnosis to occurrence of
ﬁrst diabetes-related complication or
death. For each period in which no diabetes complications or death occurred, LYs
were increased by 3 months, QALYs were
adjusted based on the disutility of medications, and the medication cost was calculated based on the sum of the costs of
using medications for 3 months discounted at a 3% annual discount rate (30).
Data Sources

A retrospective administrative claims data
set that included medical claims, pharmacy claims, laboratory data, and eligibility information from a large, national U.S.
health plan was used to estimate 3-month
HbA 1c state transition probabilities
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Table 1—Model parameters for base-case analysis and sensitivity analysis
Parameter (reference no.)

Base-case value (range)

Patient’s characteristics
Diagnosis age (years) (19)
Ethnicity

Women 55.2; Men 53.6
None Afro-Caribbean

BMI (kg/m2) (20)
Smoking status

32.6
Nonsmoker

Concurrent comorbidity at diagnosis*

No

Blood pressure (mmHg) (11)†

140

Total cholesterol (mg/dL) (21)†
HDL (mg/dL) (21)†

200
40

Glycemic control goals, % (mmol/mol) (10–12)

7 (53), 6.5 (48), 8 (64)

Disutility of hypoglycemia (22)
Metformin

20.0002

Sulfonylurea

20.0064

DPP-4 inhibitor

20.0002

GLP-1 agonist

20.0005

Insulin‡

20.0143

Disutility of weight gain (22)
Metformin

0
20.0031

Sulfonylurea
DPP-4 inhibitor

0

GLP-1 agonist§

0.0013
20.0031

Insulin
Disutility of injectable medication (22)
Metformin

0

Sulfonylurea
DPP-4 inhibitor

0
0

GLP-1 agonist

20.0032

Insulin

20.0032

Month medication cost (USD) (16,23)
Metformin
Sulfonylurea

81.75 (25.87–181.09)
54.85 (9.31–165.57)

DPP-4 inhibitor

232.84 (227.66–238.01)

GLP-1 agonist
Insulin

325.97 (165.57–486.37)
245.70 (189.39–327.54)

Base-case medication effect||
Metformin

0.0661 (0.0620–0.0703)

Sulfonylurea

0.0937 (0.0852–0.1022)

DPP-4 inhibitor

0.0520 (0.0378–0.0662)

GLP-1 agonist

0.0558 (0.0472–0.0644)
Maintain HbA1c at 7%
(53 mmol/mol)

Insulin
Randomized control trial medication effect
Sulfonylurea (24,25)

(0.1282–0.2090)

DPP-4 inhibitor (24)

(0.0588–0.1149)

GLP-1 agonist (26,27)

(0.0886–0.1744)

*Concurrent comorbidities include peripheral vascular disease, atrial ﬁbrillation, ischemic
heart disease, congestive heart failure, and blindness. †Patients’ blood pressure, total
cholesterol, and HDL were assumed to be well controlled by antihypertension and
antihyperlipidemia medications. ‡The disutility of hypoglycemia associated with insulin is set
to be 2.24 times the disutility of hypoglycemia associated with sulfonylurea. This choice is
motivated by the incidence rate of severe hypoglycemia among patients using each
medication provided in ref. 28. §Weight loss is reﬂected in terms of gains in quality of life;
therefore, it is associated with positive number. ||Values in the range represent the 95% CI of
the estimated relative effect in reducing HbA1c. Sample sizes for estimating clinical effect
were 2,118 for metformin, 765 for sulfonylurea, 204 for DPP-4 inhibitor, and 477 for GLP-1
agonist.
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(Supplementary Data), to estimate the
medication effect on reducing HbA1c
(Supplementary Data), and to calibrate
and validate our model (Supplementary
Data). The individuals covered by this
health plan are geographically diverse
across the U.S. with greatest representation in the south and midwest U.S. census
regions. The plan provides fully insured
coverage for professional (e.g., physician), facility (e.g., hospital), and outpatient prescription medication services.
Medical (professional, facility) claims
include ICD-9, Clinical Modiﬁcation (ICD9-CM) diagnosis codes, ICD-9 procedure
codes, Current Procedural Terminology,
version 4 procedure codes, Healthcare
Common Procedure Coding System procedure codes, site of service codes, provider specialty codes, and health plan and
patient costs. Outpatient pharmacy
claims provide National Drug Codes for
dispensed medications, quantity dispensed, drug strength, days’ supply, provider specialty code, and health plan and
patient costs. Laboratory results linked to
the administrative claims data are available for a subset of these patients. All
study data were accessed using techniques that are in compliance with the
Health Insurance Portability and Accountability Act of 1996, and no identiﬁable protected health information was extracted
during the course of the study. Because
this study involved analysis of preexisting,
de-identiﬁed data, it was exempt from institutional review board approval.
The population meeting criteria for
our study (37,501 individuals) were age
of at least 40 years, diagnosis with type 2
diabetes between 1995 and 2010, prescription for their ﬁrst noninsulin
glucose-lowering medication at least
6 months after enrollment, and at least
5 years of continuous enrollment with at
least two HbA1c records and complete
pharmacy claim data. Type 2 diabetes
was deﬁned using the Healthcare Effectiveness Data and Information Set criteria (31). Healthcare Effectiveness Data
and Information Set requirements for
pharmacy data include at least one antihyperglycemia medication prescription
and, for claim encounter data, the presence of at least one diabetes-speciﬁc
ICD-9 diagnosis codes 250.XX (exclude
250.X1 and 250.X3), 357.2X, 362.0X, or
366.41 with two annual face-to-face
outpatient encounters with different
dates of service or one face-to-face in
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an acute inpatient or emergency department encounter.
Model Parameters for Base-Case and
Sensitivity Analysis

Model parameters, including base-case
values and ranges for sensitivity analysis,
are shown in Table 1. We assumed a diagnosis age of 55.2 years for women and
53.6 years for men based on the median
age at time of diagnosis of diabetes in the
U.S. as of 2011 (19). The initial HbA1c state
distributions for men and women are
shown in Supplementary Tables 1 and 2.
Treatment regimens were assumed to be
ﬁxed for patients living beyond 100 years,
and future life expectancy at age 100 years
was assumed to be 2.24 years for women
and 2.05 years for men based on a 2008
U.S. life table (32).
The probabilities of diabetes complications were determined by a patient’s age,
sex, ethnicity (Afro-Caribbean or not),
smoking status, BMI, HbA1c, systolic blood
pressure, total cholesterol, and HDL cholesterol; history of peripheral vascular disease, atrial ﬁbrillation, ischemic heart
disease, and congestive heart failure;
and blindness at diagnosis using the
UKPDS outcomes model (33). Probability
of death from other cause was estimated
based on the Centers for Disease Control
and Prevention 2007 mortality tables (34).
The cost of medications other than insulin was based on the Federal median
price for generic agents and the average
wholesale price for brand name agents
provided by the Agency for Healthcare Research and Quality Evidence Practice Centers (16). The cost of insulin therapy,
including the cost related to self-monitoring
of blood glucose, insulin, and insulinrelated supplies, was taken from Yeaw
et al. (23). All costs were inﬂation adjusted to 2013 dollars using the consumer
price index method (35). For medications
other than insulin, the base-case cost was
the mean price of all brand name and
generic (if available) medicines, and the
cost in the range represents the least and
the most expensive medicines. The basecase cost for insulin was the mean cost of
all insulin regimens including basal insulin
regimens, premixed insulin regimens, and
basal-bolus insulin regimens. The cost in
the range represents the average cost for
basal insulin therapy (the least expensive
insulin therapy) and the average cost for
basal-bolus insulin therapy (the most expensive insulin therapy), respectively.
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Medication effect (other than for insulin) was estimated based on HbA1c
changes seen with use of these agents
by patients included in the data set and
is presented as the relative reduction in
HbA1c observed during each 3-month
treatment interval.
Model Calibration and Validation

To calibrate and validate the model, we
used all available HbA1c pairs at least for
3.5 months to ensure at least one 3month transition, as long as the patient
was not on insulin during that time
period. This provided a total of 97,667
pairs of HbA1c test results. The linear
trend factor was varied from 0 to 0.25
to estimate the trend factor that minimized the mean of the sum of the
squared errors (SSE) between the observed HbA1c state distribution (determined by the second HbA 1c value in
each pair) and the model-generated
HbA1c state distributions. The optimal
trend factor was 0.1075 for men
(mean SSE of 0.0022) and 0.105 for
women (mean SSE of 0.0015). Additional details of the model calibration
and validation can be found in Supplementary Data.
RESULTS
Base-Case Results

The Markov model–based results showed
that the expected LYs and QALYs from
diagnosis to ﬁrst event produced by the
four treatment regimens were similar
(Table 2). The maximum difference
among regimens in the expected LYs
to ﬁrst event, speciﬁcally, the difference
between T4 and T1, was 0.03 years
(12.73 days) for women and 0.03 years
(11.06 days) for men. Similarly, the maximum difference among regimens in the
expected QALYs to the ﬁrst event,

speciﬁcally, the difference between
T4 and T1, was 0.04 QALYs (16.12 quality-adjusted days) for women and 0.04
QALYs (14.20 quality-adjusted days) for
men. The observed differences in expected LYs and QALYs among regimens
were primarily the result of different expected durations of sustained glycemic
control with the three second-line
agents (in combination with metformin).
The mean time elapsed between failure
of metformin monotherapy and the
need for insulin initiation was 1.05 years
(381.99 days) for women and 1.0 year
(364.65 days) for men using T1, 0.62 years
(224.50 days) for women and 0.53 years
(194.84 days) for men using T2, and
0.68 years (247.96 days) for women
and 0.62 years (225.46 days) for men
using T3.
Signiﬁcant differences were observed
in the expected medication cost per
QALY incurred by the four treatment regimens. Compared with using sulfonylurea
as a second-line agent, which was the
least expensive treatment regimen, use
of DPP-4 inhibitor (T2) was associated
with a mean per-person additional medication cost of 141 USD per QALY for
women and 160 USD per QALY for
men. Use of GLP-1 agonist (T3) incurred
a mean additional medication cost of 191
USD per QALY for women and 216 USD
per QALY for men compared with T1, and
use of insulin as a second-line agent (T4)
incurred a mean additional medication
cost of 150 USD per QALY for women
and 170 USD per QALY for men compared
with T1.
Sensitivity Analyses

For any ﬁxed glycemic control goal ranging between 6.5% (48 mmol/mol) and
8.0% (64 mmol/mol), use of sulfonylurea as the second-line agent incurred

Table 2—Base-case comparison of four treatment regimens
Women
Treatment regimen

Men

T1

T2

T3

T4

T1

T2

T3

T4

Expected LYs
Expected QALYs

68.66
68.41

68.63
68.39

68.64
68.39

68.63
68.37

64.58
64.38

64.55
64.35

64.55
64.35

64.54
64.34

Expected medication
cost (USD) per QALY

2,600

2,741

2,791

2,750

2,675

2,835

2,891

2,845

Mean time to use
insulin (years)

2.76

2.33

2.40

1.72

2.59

2.13

2.21

1.59

Comparison of the expected LYs, expected QALYs, expected medication cost per QALY, and mean
time from diagnosis to insulin initiation for men and women. Four treatment regimens are T1,
metformin plus sulfonylurea plus insulin; T2, metformin plus DPP-4 inhibitor plus insulin; T3,
metformin plus GLP-1 agonist plus insulin; and T4, metformin plus insulin.
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the lowest expected medication cost
per QALY, and GLP-1 agonist use incurred the highest expected medical
cost per QALY, among both men and
women (Fig. 1). Targeting a treatment
goal of 6.5% (48 mmol/mol) vs. 7% (53
mmol/mol) incurred signiﬁcantly higher
expected medication cost per QALY
and a small reduction in the expected
QALYs for all treatment regimens (Fig. 1).
All treatment regimens resulted in increased expected QALYs and increased
medication cost per QALY when targeting
a treatment goal of 7% (53 mmol/mol)
compared with 8% (64 mmol/mol)
(Fig. 1).
The expected medication cost per
QALY of each of the four treatment regimens varied signiﬁcantly (Fig. 2) as a result
of differential costs incurred by generic
(metformin, sulfonylurea) compared
with brand name (DPP-4, GLP-1) medications and basal insulin compared with
basal plus bolus insulin regimens. T3 exhibited the largest variation in the expected medication cost per QALY (503
USD per QALY difference for women and
453 USD per QALY difference for men),
while T2 was associated with the smallest
variation in the expected medication cost
per QALY (291 USD for women and 261
USD for men).
When the effects of sulfonylurea, DPP4 inhibitor, and GLP-1 agonist on HbA1c
were simultaneously set to be the lower
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bound or upper bound of the randomized
control trial (RCT) results on the efﬁcacy
of medications (Table 1), the four treatment regimens still resulted in similar expected LYs and QALYs from diagnosis to
ﬁrst event. The treatment regimen with
sulfonylurea as the second-line agent resulted in the lowest cost per QALY (2,537
USD per QALY for women and 2,612 USD
per QALY for men at lower bound and
2,388 USD per QALY for women and
2,454 USD per QALY for men at upper
bound), while the treatment regimen
with GLP-1 agonist as the second-line
agent still produced the highest cost per
QALY (2,809 USD per QALY for women
and 2,911 USD per QALY for men at lower
bound and 2,867 USD per QALY for
women and 2,971 USD per QALY for
men at upper bound).
CONCLUSIONS

The conclusions drawn from this study
are based on a model and therefore may
not be a perfect representation of what
would be observed in practice. Direct
comparison of four different diabetes
treatment regimens by the Markov model
developed and validated in this study
demonstrated that all four treatment
regimens resulted in similar expected
beneﬁts in LYs and QALYs irrespective
of glycemic control goal. However, for all
glycemic control goals ranging between
the currently recommended targets of

HbA1c 6.5% (48 mmol/mol) and 8% (64
mmol/mol), the use of sulfonylurea as
the second-line agent incurred the lowest
expected medication cost per QALY.
These ﬁndings hold for both observed effects of medications from real-world data
and randomized control trial results. The
differences in cost per patient among the
four treatment regimens were substantial and thus of potential importance to
patients as well as health care providers
and payers. In addition, the treatment
regimen with a sulfonylurea as the
second-line agent resulted in the longest
time of insulin independence compared
with all other regimensdan important
factor to be considered by patients who
wish to delay insulin initiation as long as
possible. Conversely, the more expensive
treatment options that use a DPP-4 inhibitor or a GLP-1 agonist as the secondline agent were associated with slightly
less expected beneﬁt in terms of both
LYs and QALYs, and a shorter time of insulin independence, compared with the
use of sulfonylurea. Use of insulin as the
second-line agent resulted in the shortest
time to insulin dependence, and was also
signiﬁcantly more expensive than using
sulfonylurea with no added beneﬁt in
terms of LYs or QALYs.
To date, there has been no comprehensive side-by-side evaluation of the
clinical beneﬁts, effects on quality of
life, and costs incurred by different

Figure 1—QALYs versus cost incurred by the four different treatment regimens as a function of glycemic control goal. Comparison of the expected
QALYs versus the expected medication cost per QALY incurred from diagnosis to ﬁrst event (diabetes-related complication or death) for men (A) and
women (B). Each of the four treatments is compared as the glycemic control goal is varied from 6.5% (48 mmol/mol) to 8% (64 mmol/mol). Results
are presented using HbA1c of 6.5% (48 mmol/mol) (C), 7% (53 mmol/mol) (▲), and 8% (64 mmol/mol) (-) as the glycemic control goal.
©
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Figure 2—Sensitivity analysis on the medication cost. The x-axis represents the difference in the expected medication cost per QALY from the basecase cost: metformin costs 81.75 USD per month, sulfonylurea costs 54.85 USD per month, DPP-4 inhibitor costs 232.84 USD per month, GLP-1
agonist costs 325.97 USD per month, and insulin therapy costs 245.70 USD per month. The y-axis represents the treatment regimen. The solid bar
represents men, and the hatched bar represents women. met, metformin; sulf, sulfonylurea.

diabetes treatment regimens for glycemic
control. Our model ﬁlls this gap by integrating real-world knowledge of treatment costs, beneﬁts, and harm, thereby
allowing clinicians, payers, and patients to
directly compare treatment regimens to
select the one that is best suited for each
individual patient given his/her speciﬁc
glycemic control goal, cost sensitivity,
and preference. Given that .25 million
patients have been diagnosed with type
2 diabetes in the U.S., the potential policy
implications of these differences uncovered by our model are also signiﬁcant.
The Glycemia Reduction Approaches in
Diabetes: A Comparative Effectiveness
Study (GRADE), which is in the recruitment phase now, seeks to compare the
same treatment regimens using a prospective clinical trial design; however,
our model is signiﬁcantly different from
that of GRADE in that our results
compare QALYs and costs for newly
diagnosed patients and because our
treatment efﬁcacy is based on data that
captures long-term adherence effects
that are typically much smaller in clinical
trials.
Several models have been developed to
predict the natural history of diabetes-

related complications progression and to
gauge their sequelae on patient quality of
life (17,18,36–38); however, none of these
models were based on real-world data describing the rate of and variations in HbA1c
progression caused by both biological
changes and patient behavior with and
without different treatment modalities.
Moreover, none of the previous published
models explicitly compared and contrasted different treatment regimens
with regard to their practical efﬁciency,
cost, and clinical beneﬁt based on realworld inputs rather than clinical trial
data or select observational study population groups. To our knowledge, this study
is the ﬁrst to develop and validate a glycemic control model that takes into consideration the known adverse effects of
treatment, such as hypoglycemia, current
medication cost, and various suggested
glycemic control goals.
Our model can serve as an adjunctive
decision aid to facilitate treatment selection for people newly diagnosed
with type 2 diabetes in a way that trades
off health and economic implications for
patients. It can also be used by health
care providers and payers to determine
whether a particular treatment option is
©

consistent with the goal of high-value
care, e.g., providing a clinically justiﬁed
beneﬁt given the incurred cost. While
no clinical study has yet deﬁnitively established the clinical beneﬁt of using incretins in place of sulfonylureas as
second-line agents and there is increasing concern regarding sulfonylurea use
owing to its association with severe
hypoglycemia (10), our model, which
considers the side effect of severe hypoglycemia, suggests that for a glycemic
control goal of 6.5% (48 mmol/mol) or
7% (53 mmol/mol), sulfonylureas provide higher value than incretin. Indeed,
use of incretins as second-line agents
(treatment regimens T2 and T3) resulted
in signiﬁcantly higher cost but slightly
less clinical beneﬁt as measured by LYs
and QALYs to ﬁrst incident diabetesrelated complication or death. However,
ultimate value will depend on patient
preference.
Our study has several limitations.
First, the results presented in this manuscript are based on a Markov model
rather than a clinical trial, and no model
can provide a perfect representation of
reality. Speciﬁcally, our model assumes
that HbA1c varies among discrete states
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and at discrete 3-month time intervals
rather than continuously; furthermore,
transitions among states are assumed to
depend only on the most recent HbA1c
state. For addressing these limitations,
the assumptions were carefully validated based on real patient data. Treatment regimens were designed as
sequential one-by-one additions of different classes of antihyperglycemic
medications, while in clinical practice patients may start two or more drugs at the
same time. We also assumed that insulin
would replace the previously used second-line drug, as recommended by most
clinical practice guidelines, but it is possible for patients to continue using two
or more noninsulin agents in conjunction
with insulin. We assumed that insulin
will ultimately result in achievement of
the glycemic goal; this is an idealized
assumption that is based on the physiology of insulin action, and there is likely to
be substantial variation among patients
in whether they achieve and maintain
their glycemic goal over time. Finally, the
model is based on data that represents
a privately insured population. Therefore,
it is possible that these results may not
be generalizable to the Medicare and
Medicaid populations.
Several features that were not incorporated into the current model are due to
insufﬁcient evidence in literature such as
the potential variability in how medications inﬂuence HbA1c trajectory, the potential variability in the duration of
observing the effect of medications, and
the potential indirect pleiotropic effects
of these medications not mediated by
their glucose-lowering properties. Medication disutility values were based on limited
empirical data because deﬁnitive evidence
is not yet available. Our analyses were
focused on primary prevention of the
most common micro- and macrovascular
complications of diabetes, and patients included were treatment naı̈ve and newly
diagnosed with diabetes. To the extent
possible, we have used previously published data on the utility decrements for
complications and treatments; however,
utility estimates are limited in that they
represent an average measure and do
not reﬂect individual patients’ well-being.
To address this, we performed sensitivity
analysis on the utility estimates. Finally,
not all known adverse medication effects were included in the model. We
did not consider severe nausea and other

Zhang and Associates

gastrointestinal side effects of metformin
or DPP-4 inhibitors (16), since these symptoms and availability of alternatives would
likely cause the medication to be discontinued. We did not consider pancreatitis
risk from the new agents due to the uncertainty of this evidence (39,40). Ultimately, however, our proposed model is
sufﬁciently versatile to allow for easy integration of newly acquired clinical knowledge and its continued reﬁnement.
Two key factors that were not explicitly
incorporated into the model are medication adherence and lifestyle modiﬁcations, both of which are known to
improve glycemic control, particularly in
early stages of diabetes. However, this is
alleviated by our use of real-world observational data for patients who adhere to
their treatments and lifestyle recommendations with the frequency expected
from any general population among
which such therapies are to be deployed.
This affords our model an aspect of generalizability and validity that makes it attractive and relevant to patients, health
care providers, and payers.
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