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Abstract 

Background: For hypertensive patients without a history of stroke or myocardial infarction (MI), the China Stroke 
Primary Prevention Trial (CSPPT) demonstrated that treatment with enalapril-folic acid reduced the risk of primary 
stroke compared with enalapril alone. Whether folic acid therapy is an affordable and beneficial treatment strategy 
for the primary prevention of stroke in hypertensive patients from the Chinese healthcare sector perspective has not 
been thoroughly explored.

Methods: We performed a cost-effectiveness analysis alongside the CSPPT, which randomized 20,702 hypertensive 
patients. A patient-level microsimulation model based on the 4.5-year period of in-trial data was used to estimate 
costs, life years, quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios (ICERs) for enalapril-folic 
acid vs. enalapril over a lifetime horizon from the payer perspective.

Results: During the in-trial follow-up period, patients receiving enalapril-folic acid gained an average of 0.016 QALYs 
related primarily to reductions in stroke, and the incremental cost was $706.03 (4553.92 RMB). Over a lifetime horizon, 
enalapril-folic acid treatment was projected to increase quality-adjusted life years by 0.06 QALYs or 0.03 life-year rela-
tive to enalapril alone at an incremental cost of $1633.84 (10,538.27 RMB), resulting in an ICER for enalapril-folic acid 
compared with enalapril alone of $26,066.13 (168,126.54 RMB) per QALY gained and $61,770.73 (398,421.21 RMB) per 
life-year gained, respectively. A probabilistic sensitivity analysis demonstrated that enalapril-folic acid compared with 
enalapril would be economically attractive in 74.5% of simulations at a threshold of $37,663 (242,9281 RMB) per QALY 
(3x current Chinese per capita GDP). Several high-risk subgroups had highly favorable ICERs < $12,554 (80,976 RMB) 
per QALY (1x GDP).
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Background
Stroke is the second leading cause of death worldwide 
and the total number of deaths from stroke reached 
6.55 million in 2019 [1]. As 77% of strokes are first 
events, effective primary prevention for stroke is essen-
tial to halt or reverse its rising burden [2]. Previous 
trials and meta-analyses have indicated that supple-
mentation with folic acid might be an effective ther-
apy for the primary prevention of stroke [3–5]. The 
recent China Stroke Primary Prevention Trial (CSPPT) 
enrolled a total of 20,702 patients with hypertension 
without a history of stroke or myocardial infarction 
(MI). Patients were randomly assigned in a 1:1 ratio to 
receive 1 tablet containing 10 mg of enalapril and 0.8 
mg of folic acid daily (single-pill compound, the enal-
april-folic acid group) or 1 tablet containing 10 mg of 
enalapril daily (the enalapril group). After a median 
treatment duration of 4.5 years, the hazard ratio (HR) 
for occurrence of first stroke comparing enalapril-folic 
acid versus enalapril was 0.79 (95% CI: 0.68 to 0.93), 
with a 21% reduction in relative risk of first stroke, 
demonstrating that enalapril-folic acid was more effec-
tive for the primary prevention of stroke compared 
with enalapril alone [6]. A recent meta-analysis includ-
ing 22 folic acid trials for the primary prevention of 

cardiovascular disease (CVD) events among Chinese 
populations, demonstrated an even greater risk reduc-
tion [7].

As one of the most common causes of long-term dis-
ability, stroke has a substantial impact on the total cost of 
healthcare worldwide, especially in developing countries 
[8, 9]. Although the benefits of folic acid treatment for 
hypertensive patients are evident, it is unknown whether 
folic acid treatment provides these health benefits at an 
acceptable cost to society. Given the large population of 
patients who might benefit from such therapy, this infor-
mation is critical for physicians, patients, and policy 
holders to make informed decisions regarding preven-
tive therapies. To address this gap in knowledge, we used 
data from the CSPPT to perform a formal health assess-
ment of the cost-effectiveness of enalapril-folic acid ver-
sus enalapril alone for the primary prevention of stroke 
in hypertensive patients.

Results
In‑trial cost‑effectiveness estimation
Table  1 presents the results of the in-trial cost-effec-
tiveness analyses per person. The mean costs of study 
drugs were $1170.46 (7549.47 RMB) and $137.41 (886.29 
RMB) in the enalapril-folic acid and enalapril groups, 

Conclusions: For both in-trial and over a lifetime, it appears that enalapril-folic acid is a clinically and economically 
attractive medication compared with enalapril alone. Adding folic acid to enalapril may be a cost-effective strategy for 
the prevention of primary stroke in hypertensive patients from the Chinese health system perspective.

Keywords: Cost-effectiveness, Folic acid, Primary prevention, Stroke, Hypertension

Table 1 In-trial cost-effectiveness results

QALY quality-adjusted life-year, ICER incremental cost-effectiveness ratio

Outcomes Enalapril‑folic acid 
(n = 10348)

Enalapril (n = 
10354)

∆ (Enalapril‑folic acid–Enalapril) (95%CI) P value

Enalapril/enalapril‑folic acid cost ($/￥) $1170.46
￥7549.47

$137.41
￥886.29

$1033.05 (1029.51 to 1036.59)
￥6663.18 (6640.35 to 6686.01)

< 0.001

Concomitant drug cost ($/￥) $75.13
￥484.60

$73.01
￥470.91

$2.12 (− 2.20 to 6.44)
￥13.69 (− 14.16 to 41.54)

0.335

Stroke‑related costs ($/￥)
 Ischemic stroke $32.95

￥212.55
$43.13
￥278 .16

$− 10.17 (− 16.66 to − 3.68)
￥− 65.61 (− 107.45 to − 23.76)

0.002

 Hemorrhagic stroke $17.98
￥115.96

$19.21
￥123.88

$− 1.23 (− 7.86 to 5.41)
￥− 7.93 (− 50.72 to 34.87)

0.717

Other CVD‑related costs ($/￥) $10.89
￥70.25

$9.98
￥64.36

$0.91 (− 5.11 to 6.94)
￥5.89 (− 32.97 to 44.75)

0.766

Total costs ($/￥) $923.74
￥5958.14

$217.71
￥1404.22

$706.03 (695.28 to 716.79)
￥4553.92 (4484.56 to 4623.27)

< 0.001

QALY 3.92 3.90 0.016 (− 0.001 to 0.033) 0.064

ICER ($/QALY)/(￥/QALY) $44,127.13
￥284,620



Page 3 of 14Zhang et al. BMC Medicine          (2022) 20:407  

Ta
bl

e 
2 

Li
fe

tim
e 

co
st

-e
ffe

ct
iv

en
es

s 
re

su
lts

 fo
r b

as
e 

ca
se

 a
nd

 s
ce

na
rio

 a
na

ly
se

s

Q
AL

Y 
qu

al
ity

-a
dj

us
te

d 
lif

e-
ye

ar
, I

CE
R 

in
cr

em
en

ta
l c

os
t-

eff
ec

tiv
en

es
s 

ra
tio

O
ut

co
m

es
Co

st
 ($

/￥
)

Eff
ec

tiv
en

es
s 

(Q
A

LY
 o

r 
lif

e‑
ye

ar
s)

IC
ER

%
 <

 1
 ti

m
e 

of
 

G
D

P/
ca

pi
ta

 p
er

 
Q

A
LY

%
 <

 2
 ti

m
es

 o
f 

G
D

P/
ca

pi
ta

l 
pe

r Q
A

LY

%
 <

 3
 ti

m
es

 o
f 

G
D

P/
ca

pi
ta

 p
er

 
Q

A
LY

En
al

ap
ri

l‑f
ol

ic
 a

ci
d

En
al

ap
ri

l
∆

En
al

ap
ri

l‑
fo

lic
 a

ci
d

En
al

ap
ri

l
∆

Ba
se

 c
as

e 
an

al
ys

es
 

Q
ua

lit
y-

ad
ju

st
ed

 li
fe

-y
ea

r
$3

90
3.

69
￥

25
,1

78
.8

0
$2

26
9.

85
￥

14
,6

40
.5

3
$1

63
3.

84
￥

10
,5

38
.2

7
11

.0
6

11
.0

0
0.

06
$2

6,
06

6.
13

￥
16

8,
12

6.
54

2.
6%

47
.6

%
74

.5
%

 
Li

fe
-y

ea
r

$3
90

3.
69

￥
25

,1
78

.8
0

$2
26

9.
85

￥
14

,6
40

.5
3

$1
63

3.
84

￥
10

,5
38

.2
7

22
.5

9
22

.5
6

0.
03

$6
1,

77
0.

73
￥

39
8,

42
1.

21
6.

4%
27

.1
%

38
.6

%

Sc
en

ar
io

 a
na

ly
se

s
 

En
al

ap
ril

-fo
lic

 a
ci

d 
at

 1
/2

 c
os

t
$2

78
8.

79
￥

17
,9

87
.7

0
$2

26
9.

85
￥

14
,6

40
.5

3
$5

01
8.

94
￥

33
47

.1
6

11
.0

6
11

.0
0

0.
06

$8
27

9.
10

￥
53

,4
00

.2
0

73
.8

%
91

.3
%

94
.7

%

 
En

al
ap

ril
-fo

lic
 a

ci
d 

ha
s 

no
 b

en
efi

t 
be

yo
nd

 y
ea

r 5
$4

03
4.

69
￥

26
,0

23
.7

5
$2

25
1.

04
￥

14
,5

19
.2

1
$1

78
3.

66
￥

11
,5

04
.6

1
11

.0
45

11
.0

1
0.

04
$4

5,
24

6.
92

￥
29

1,
84

2.
63

0
9.

4%
32

.7
%

 
En

al
ap

ril
-fo

lic
 a

ci
d 

ha
s 

no
 b

en
efi

t 
be

yo
nd

 y
ea

r 1
0

$3
96

5.
16

￥
25

,5
75

.2
8

$2
24

7.
02

￥
14

,4
93

.2
8

$1
71

8.
15

￥
11

,0
82

.0
7

11
.0

6
11

.0
1

0.
05

$3
3,

01
2.

65
￥

21
2,

93
1.

59
0.

1%
29

.5
%

59
.5

%



Page 4 of 14Zhang et al. BMC Medicine          (2022) 20:407 

respectively. The ischemic stroke costs and hemorrhagic 
stroke costs were both lower for the enalapril-folic acid 
group, but the costs of CHD events were higher for 
the enalapril-folic acid group. Total in-trial mean cost 
remained significantly higher for the enalapril-folic acid 
group [$923.74 (5958.14 RMB) versus $217.71 (1404.22 
RMB) for the enalapril group, difference: $706.03 
(4553.92 RMB)]. The QALY was 0.016 higher in the 
enalapril-folic acid group during the in-trial period, indi-
cating that the addition of folic acid to enalapril offered 
a benefit in quality-adjusted life-years. In the in-trial 
period, the ICER of enalapril-folic acid compared with 
enalapril was $44,127.13 (284,620 RMB) per QALY, 
which was higher than the WHO recommended will-
ingness-to-pay threshold of 3 times the GDP per capita 
($37,663; 242,928 RMB).

Lifetime cost‑effectiveness estimation
Table 2 shows the results of the lifetime cost-effectiveness 
analyses for base case and scenarios using a microsimu-
lation model. Total lifetime cost remained significantly 
higher (by $1633.84; 10,538.27 RMB) for the enalapril-
folic acid group ($3903.69 versus $2269.85). The enal-
april-folic acid treatment offered an advantage over the 
enalapril treatment of 0.06 QALY or 0.03 life-year. The 
ICER for the enalapril-folic acid treatment, compared 
to the enalapril treatment, was $26,066.13 (168,126.54 
RMB) per QALY gained and $61,770.73 (398,421.21 
RMB) per life-year gained, respectively. When the unit 
price of enalapril-folic acid was reduced by 50% under 
the PAP scenario, the ICER for lifetime enalapril-folic 
acid treatment strategies was reduced to $8279.10 
(53,400.20 RMB) per QALY. Scenario analyses of the sur-
vival benefit of enalapril-folic acid show that, when the 
survival benefit of enalapril-folic acid was assumed to 
remain constant through 10 years, the ICER for lifetime 
enalapril-folic acid treatment was $33,012.65 (212,931.59 
RMB) per QALY, less than the threshold of 3 times the 
GDP per capita; however, when the duration of benefit 
was limited to 5 years, the ICER for enalapril-folic acid 
treatment increased to $45,246.92 (291,842.63 RMB) per 
QALY, which is greater than the WHO-recommended 
threshold.

The results of the one-way sensitivity analyses are sum-
marized in Fig.  1. The model was most sensitive to the 
HR for stroke with enalapril-folic acid vs. enalapril mon-
otherapy. The ICER for enalapril-folic acid exceeded the 
WHO-recommended threshold for acceptable cost-effec-
tiveness in China at a HR >0.84, and at the upper bound 
of the 95% CI for the HR, the ICER for enalapril-folic 
acid was $96,887.41 (624,923.79 RMB) per QALY gained. 
Other variables, such as adherence rate of enalapril-folic 
acid and enalapril treatment, discount rate, unit price of 

enalapril, and disability rate after stroke, had a moderate 
or mild impact on the economic outcomes.

Our probabilistic sensitivity analyses demonstrated 
that the strategy of enalapril-folic acid compared with 
enalapril was cost-effective in 74.5% of simulations at a 
WTP threshold of 3 times the GDP per capita ($37,663; 
242,928 RMB) (Fig. 2). The impact of alternative assump-
tions regarding the cost and duration of benefit of 
enalapril-folic acid are displayed as cost-effectiveness 
acceptability curves in Fig.  3. When outcomes were 
assessed under the PAP scenario, the probability that 
enalapril-folic acid would be cost-effective improved to 
94.7%. The cost effectiveness of enalapril-folic acid was 
also sensitive to the duration of benefit compared with 
enalapril monotherapy. When we assumed that enalapril-
folic acid would continue to incur costs but have no ben-
efit after 10 years, the probability of enalapril-folic acid 
being cost-effective based on a threshold of 3 times the 
GDP per capita fell to 59.5%, and when we assumed that 
enalapril-folic acid would have no effect after 5 years, the 
probability of its being cost-effective fell to only 32.7%.

Subgroup analysis
Results from prespecified subgroup analyses are sum-
marized in Additional file 1: Table S1. The ICER of males 
was $14,091.71 (90,891.71 RMB) per QALY gained and 
the probability that enalapril-folic acid therapy would 
be more cost-effective at a threshold ICER of 3 times the 
GDP per QALY was 92.0%; in contrast to what has been 
shown in females; however, the ICER was $65,634.34 
(423,341.49 RMB) per QALY, which was far beyond the 
threshold ICER of 3 times the GDP per QALY and the 
probability at that threshold was only 13.0%. The ICER for 
people aged 55 to 64 was lower [$15,956.14 (102,917.10 
RMB) per QALY], with a 91.1% probability below the 
threshold ICER of 3 times the GDP per QALY, compared 
to people younger than 55 years [$64,893.23 (418,561.33 
RMB) per QALY] or older than 65 years [$56,003.24 
(102,917.10 RMB) per QALY]. In the smoking status sub-
group, the cost-effectiveness was more favorable in for-
mer smokers [$18,146.57 (117,045.38 RMB) per QALY] 
compared with current smokers [$24,746.65 (159,615.89 
RMB) per QALY]. For people with the MTHFR CT geno-
type, the probability was 2.6% at a threshold ICER of 3 
times the GDP per capita for all patients, while the prob-
abilities of people with the MTHFR CC and TT geno-
types being below the threshold were both over 90% at 
that threshold. Compared to patients with lower risk 
factor levels, the lifetime ICER was more favorable in 
patients with higher risk factor levels (diabetes, higher 
SBP, higher total cholesterol, higher HDL-C, lower folate, 
and higher homocysteine).
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Fig. 1 Tornado plot demonstrating the impact of varying each of the model parameters on the ICER for enalapril-folic acid versus enalapril

Fig. 2 Scatterplot of enalapril-folic acid vs enalapril in the cost-effectiveness plane
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Discussion
The CSPPT is the first, large-scale, randomized, con-
trolled trial to demonstrate that treatment with enalapril-
folic acid resulted in a significant reduction of primary 
stroke compared with treatment with enalapril alone for 
patients with hypertension [6, 10]. The results from this 
prospectively designed health economic analysis car-
ried out alongside the CSPPT revealed that the ICER 
for enalapril-folic acid versus enalapril was $44,127.13 
(284,620.00 RMB) per QALY gained during the 4.5-year 
follow-up period and $26,066.13 (168,126.54 RMB) per 
QALY gained over the remaining lifetime. These results 
were robust to a broad range of sensitivity analyses over 
a series of alternative assumptions, with an accept-
ability rate of 74.5% at the WHO-recommended WTP 
threshold of $37,663 (242,928 RMB) per QALY gained. 
In terms of the general population, these results suggest 
that enalapril-folic acid therapy is a cost-effective strategy 
for primary stroke prevention in hypertensive patients in 
China.

The subgroup analyses revealed some heterogeneity in 
the ICER estimates. The results indicated that, lifetime 
enalapril-folic acid treatment generally yielded ICERs 
below the “cost-effective” (< 3 times the GDP/capita) 
threshold for most patients, and some patients were even 

in the “highly cost-effective” range, such as patients with 
higher-risk factor levels (diabetes, baseline SBP ≥ 180 
mm Hg, total cholesterol ≥ 6.2 mmol/L, or folate < 5.6 ng/
mL). In a resource-constrained healthcare environment, 
targeting therapy to these subgroups of patients would be 
a highly efficient strategy for maximizing health benefits 
while minimizing the incremental costs of therapy. On 
the other hand, there were several subgroups of patients 
(e.g., female patients, aged < 55 or ≥ 65 years, MTHFR 
CT genotype, SBP < 160 mm Hg, total cholesterol < 5.2 
mmol/L, folate ≥ 10.5 ng/mL, or homocysteine ≦  10.0 
μmol/L), for whom lifetime enalapril-folic acid therapy 
is “not cost-effective” (ICERs > 3 times the GDP/capita). 
These results reflect that for younger female patients with 
the MTHFR CT genotype and lower-risk factor levels, 
prolonged enalapril-folic acid therapy is not an economi-
cal strategy. Since the reduced sample sizes in each sub-
group may lead to greater uncertainty, further studies are 
warranted to confirm the clinical and cost-effectiveness 
of enalapril-folic acid therapy for patients with different 
levels of risk factors of stroke at baseline.

Comparison with previous studies
Many previous studies have evaluated the cost-effec-
tiveness of strategies for the primary prevention of CVD 

Fig. 3 Cost-effectiveness acceptability curve of enalapril-folic acid versus enalapril. Cost-effectiveness acceptability curve of enalapril-folic acid 
versus enalapril, for the base case (red line), life year (blue), and scenario analyses: no effect of enalapril-folic acid after 5 years (green); no effect of 
enalapril-folic acid after 10 years (orange); enalapril-folic acid at 1/2 price (gray). QALY, quality-adjusted life-year
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[11–13]. However, few studies have investigated the 
cost-effectiveness of CVD prevention in China. Xie et al. 
showed that intensive hypertension control would pre-
vent about 2.2 million CHD events and 4.4 million stroke 
events for all hypertensive patients in 10 years. Addition-
ally, intensive hypertension treatment has been shown 
to be more cost-effective than standard hypertension 
control in China, with an ICER of $1190 per QALY [14]. 
Basu et  al. predicted that the simple benefit-based tai-
lored treatment (BTT) strategy was more effective than 
the treat-to-target (TTT) or hybrid strategies in reduc-
ing CVD mortality, with $142–$182 less per disability-
adjusted-life-years gained (DALY) than either the TTT 
or hybrid strategies [15]. In another study, Gu et al. dem-
onstrated that it is necessary to provide low-cost essen-
tial antihypertensive medicines to expand hypertension 
treatment. Treating all hypertensive patients (primary 
and secondary prevention) would prevent about 800,000 
CVD events annually and is borderline cost-effective 
compared with treating only CVD and stage two patients 
($13,000 per QALY gained in 2015) [16].

These previous studies, as well as guidelines from the 
American Heart Association (AHA), confirm the cost-
effectiveness of traditional strategies for CVD prevention 
such as the management of blood pressure, lipid levels, 
and glucose levels, as well as some other well-recognized 
risk factor controls [17–19]. According to our study, folic 
acid supplementation, as a novel CVD preventive strat-
egy, has proven to be cost-effective, especially for patients 
with specific characteristics. In addition, our study has 
the unique aspect that it does not rely solely on epide-
miologic modeling but is based largely on empirical out-
comes data from a large, prospective randomized clinical 
trial.

Limitations
This study should be interpreted in light of several 
important limitations. First, our study extrapolated 4.5 
years of in-trial data to a lifetime horizon to capture the 
full benefits of the enalapril folic-acid treatment strategy 
and assumed that the impact of enalapril folic-acid treat-
ment on the long-term risk of stroke was maintained 
throughout a patient’s life. However, our scenario analy-
sis results show that even when enalapril-folic acid has 
no effect after 10 years—an unlikely assumption given 
the age range of patients in the CSPPT—it would still 
have an 84% probability of being cost-effective. Second, 
although microsimulation models have the advantage of 
simulating the complexity between individual risk fac-
tors and disease trajectories compared with the Markov 
model, they are still limited by the quality of data used 
to construct these models and their underlying model 
assumptions [20]. Third, although many of the key inputs 

were derived directly from the CSPPT, a few parameters 
(such as annual probabilities of first CHD, the utilities of 
primary stroke and CHD, mortality rates after stroke and 
CHD events) were estimated based on external studies or 
databases, which may have introduced uncertainty into 
the final results. Therefore, all model inputs were evalu-
ated over a wide range of values in the sensitivity analy-
ses, to examine their influence on the robustness of the 
model results. Fourth, this cost-effectiveness analysis 
was based on a single randomized trial with restrictive 
recruitment and limited follow-up. The results need to 
be validated in other trials since the clinical event rates 
may change with time. Finally, our study was carried out 
in a Chinese population without mandatory folic acid 
fortification. In addition to China, there are other coun-
tries with a high prevalence of low blood folic acid con-
centrations [21], and populations living in such low-folate 
regions may also benefit from supplemental folic acid 
treatment. However, whether our current findings can be 
extrapolated to populations in other countries, especially 
those with different ethnicities, and varying genetic and 
clinical characteristics, requires further research.

Conclusions
Based on empirical data from the CSPPT, we discovered 
that enalapril-folic acid therapy is a more cost-effective 
strategy for primary stroke prevention than enalapril 
alone among most hypertensive patients in China. Males 
between the ages of 55 and 65 who have a higher risk of 
stroke (e.g. diabetes, higher SBP, higher total cholesterol, 
higher HDL-C, lower folate, and higher homocysteine 
levels at baseline) drive the outcomes. Some subgroups 
with a potential lower risk of stroke may not be cost-
effective. However, under the Patients Aid Program 
which offers a significant reduction in drug price, enal-
april-folic acid therapy probably would be cost-effective 
in more patients of more subgroups. Although our find-
ings should be interpreted with caution, as China bears 
the largest hypertensive population and stroke incidence 
of any country, these findings can inform health care pol-
icy and treatment guidelines. Finally, our study may also 
serve as a model for other countries with similar eco-
nomic status and demographic characteristics, especially 
those whose populations have low folate intake.

Methods
Characteristics of the study population
Baseline characteristics of patients in the economic 
analysis are shown in Supplemental Additional file  1: 
Table S2. A total of 10,348 and 10,354 patients were ran-
domized to the enalapril-folic acid group or the enalapril 
group, respectively. The mean age was 60 (SD, 7.5) years 
and 8497 (41.0%) were male. There were no significant 
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differences in baseline characteristics between the enal-
april-folic acid and enalapril groups (all P > 0.05).

Study design
The cost-effectiveness analysis was conducted for the 
in-trial period and for a lifetime. The in-trial cost-effec-
tiveness analysis was performed using the piggy-back 
method and included all patients in the CSPPT. Data on 
survival, CVD events, utilities, and healthcare resource 
use were collected through the 4.5-year follow-up period 
for all patients to calculate QALYs and costs for the in-
trial period. In the lifetime cost-effectiveness analysis, 
we constructed a microsimulation model based on the 
CSPPT population data to compare the lifetime costs, life 
years, quality-adjusted life years, and cost-effectiveness 
of enalapril-folic acid versus enalapril. This study was 
conducted with approval from the Institutional Review 
Boards of each study site.

Model overview
The microsimulation model was run at the individual 
patient level; for each patient, patient characteristics and 
risk factors were estimated by repeatedly sampling (with-
out replacement) from relevant probability distributions 
of risk factors and were used to obtain the probability of a 
health transition during each cycle. Risk factors included 

age, sex, systolic blood pressure, total cholesterol, high 
density lipoprotein-cholesterol (HDL-C), the MTHFR 
C677T polymorphism, folate levels, homocysteine, his-
tory of diabetes, and current tobacco smoking.

The structure of our microsimulation model is 
described in Fig. 4. The model consisted of 6 independ-
ent health states: pre-CVD, stroke, coronary heart dis-
ease (CHD), post-stroke, post-CHD, and death. In the 
model, patients with hypertension remained healthy 
(pre-CVD state) until they developed a stroke (ischemic 
stroke or hemorrhagic stroke), CHD, or died for any non-
CVD-related cause. After the occurrence of a CVD event 
(including stroke and CHD events in our model), patients 
were moved to a corresponding post-CVD state, in which 
they may have a subsequent CVD event or a CVD-related 
death. The cycle length was set to 1 year. The transition 
probabilities of our microsimulation model were age-
dependent. The parameters of the model are presented in 
Table 3.

a. Annual probability of a first CVD event
◦ For the annual probability of a first stroke, we 
inferred the cycle transition probabilities from the 
China Stroke Primary Prevention Trial (CSPPT) 
data [6]. A Weibull distribution was used to model 
the survival of patients in the enalapril group and 

Fig. 4 Microsimulation model. a 1-year probability of first CVD event. b Transition to post-CVD event occurring after one cycle (1 year) with a 
probability of 100% (tunnel state). c CVD relapse during the first year. d 1-year probabilities of subsequent CVD events (stroke relapse after first year, 
post-stroke to CHD, CHD relapse after first year, and post-CHD to stroke). e Transition to death (absorbing state). CVD, cardiovascular disease; CHD, 
coronary heart disease
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Table 3 Main assumptions for the cost-effectiveness analysis

Parameters Estimate (SD or range) Distribution Reference

Patient characteristics
 Age, y 60 (7.53) Normal CSPPT [6]

 Male sex，% 41% Table

Clinical characteristics
 Total cholesterol, mg/dL 213.6 (46) Normal CSPPT [6]

 HDL-C, mg/dL 52 (14) Normal

 Baseline SBP, mm Hg 139.7 (11.1) Normal

 Smoking,% 23% Table

 Diabetes mellitus,% 3% Table

Rates and probabilities
 Morbidity rates, annual

 Primary stroke 1 −  exp [λ ∗ (state)γ − λ ∗ (state + 1)γ] Weibull CSPPT [6]

 Primary CHD 1 −  exp ((ln(1 − P))/10)
P = 1 − S(t)exp(f[x, M])

f(x, M) = β1 ∗ (x1 − M1) + … + βp ∗ (xp − Mp)

/ CMCS [22]

 Stroke relapse in 1 year 17% β CKB study [23]

 Stroke relapse after 1 year 2–9% β

 Stroke after CHD 0.4% β The EUROPA study [24]

 Stroke after post-CHD 0.4% β

 CHD relapse in 1 year 2.5% β PEACE [25]

 CHD relapse after 1 year 1.2% β The EUROPA study [24]

 CHD after stroke 0.4% β CKB study [23]

 CHD after post-stroke 0.4% β

 Mortality rates, annual

 Non CVD related 1.68–507.28‰ (Age-dependent) β Life table [26]

 After stroke 15% β CKB study [23]

 After post-stroke 3% β

 After CHD 2.8% β PEACE [25]

 After post-CHD 1.5% β The EUROPA study [24]

Drug cost per unit, $ (￥)
 Enalapril $0.09 ($0.03–$0.22)

￥0.56 (￥0.2–￥1.44)
γ Local bidding Price or the National central-

ized drug procurement price [27, 28] (see 
Additional file 1: Table S3) Enalapril-folic acid $0.74

￥4.75
γ

 Angiotensin-converting enzyme inhibitors $0.13 ($0.11–$0.38)
￥0.83 (￥0.72–￥2.43)

γ

 Angiotensin II receptor blockers $0.08 ($0.07–$0.54)
￥0.53 (￥0.48–￥3.48)

γ

 Calcium channel blockers $0.25 ($0.14–$0.47)
￥1.60 (￥0.91–￥3.06)

γ

 Diuretics $0.29 ($0.27–$0.30)
￥1.88 (￥1.72–￥1.95)

γ

 β-blockers $0.03 ($0.02–$0.05)
￥0.21 (￥0.16–￥0.32)

γ

 Lipid-lowering drugs $0.08 ($0.03–$0.65)
￥0.50 (￥0.17–￥4.19)

γ

 Glucose-lowering drugs $0.04 ($0.03–$0.24)
￥0.24 (￥0.19–￥1.57)

γ

 Antiplatelet drugs $0.05 ($0.05–$0.08)
￥0.34 (￥0.31–￥0.50)

γ
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to obtain a hypothetical parameters scale (λ) and 
a shape (γ). The transition probability of enalapril 
was estimated as follows:
 

For enalapril-folic acid, the transition probabili-
ties were estimated by adjusting the hazard ratio 
(HR=0.79) for enalapril from the CSPPT.
◦ Annual probabilities of first CHD were obtained 
separately for males and females based on methods 
from the Chinese Multi-provincial Cohort Study 
(CMCS) [22]. First, the 10-year CHD risk (P) was 
calculated based on the distribution of risk factors 
(age, blood pressure, total cholesterol, high-den-
sity lipoprotein cholesterol, diabetes, and smoking 

Annual probability = 1 − exp
[

� ∗ (state)� − � ∗ (state + 1)�
]

status) from the CSPPT data. We assumed that a 
patient’s risk factor (other than age) remained con-
stant from year to year. The 10-year CHD risk was 
then converted into a 1-year probability of CHD. 
The transition probability was estimated as follows:

 

Because no statistical difference was found in risk of 
CHD (p = 0.89) between the treatment strategies, 
we assumed no difference in annual probabilities of 
CHD between the enalapril and the enalapril-folic 
acid groups.

P = 1 − S(t)exp(f [x,M])

f (x,M) = �1 ∗
(

x1 −M1

)

+⋯ + �p ∗
(

xp −Mp

)

Annual probability = 1 − exp((ln(1 − P))∕10)

a Patients with disability after stroke

Table 3 (continued)

Parameters Estimate (SD or range) Distribution Reference

CVD hospitalization costs, $ (￥) (first 30 days)
 Ischemic stroke $1529.18 (± 20%)

￥9863.20 (± 20%)
γ China’s Health Statistics Yearbook, 2021 [29]

 Hemorrhagic stroke $3207.55 (± 20%)
￥20,688.70(± 20%)

γ

 Coronary heart disease $4696.39 (± 20%)
￥30,291.70(± 20%)

γ

Rehabilitation costs per month, $ (￥)a

 Rehabilitation training $200.93 (± 20%)
￥1296.00 (± 20%)

γ National Development and Reform Com-
mission [30] (see Additional file 1: Table S4)

 Rehabilitation checking $7.91 (± 20%)
￥51.00 (± 20%)

γ

 Home care $465.12 (± 20%)
￥3000.00 (± 20%)

γ

Utility
 Pre-CVD 0.90 (0.12) β CSPPT [6]

 Primary stroke (first year) 0.76 β Du [31]

 Primary stroke (after first year) 0.79 β

 Recurrent stroke (first year) 0.30 β Wang [32]

 Recurrent stroke (after first year) 0.33 β

 Primary CHD (first year) 0.77 (0.75–0.78) β Goldsmith [33]

 Primary CHD (after first year) 0.89 (0.17) β Wang [34]

 Recurrent CHD (first year) 0.64 β Thomas [35]

 Recurrent CHD (after first year) 0.76 β

Treatment adherence
 Enalaparil-folic acid 0.692 (± 20%) β CSPPT [6]

 Enalapril 0.691 (± 20%) β

HR of primary stroke 0.79 (0.68 -0.93) β

Disability rate 0.39 (0.20–0.8)) β Salomon [8]

Rehabilitation rate after stroke 0.58 (0–0.7) β Asakawa [36]

Annual discount rates for life years, costs, 
and QALYs

5% (0–8%) /
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b. Transition to post-CVD event state occurred after 
one cycle (1 year) with a probability of 100% (tunnel 
state)

c. Annual probabilities of subsequent CVD events 
(stroke relapse, post-stroke to CHD, CHD relapse, 
and post-CHD to stroke) were obtained from other 
studies as primary data from the CSPPT were not 
available [23–25]

d. Transition to death (absorbing state)

◦ Age- and sex-specific mortality rates for non-
CVD deaths were based on the Chinese life tables 
obtained from the sixth nationwide census [26]. 
Because no statistical difference was found in the 
risk of non-CVD death (p = 0.44) between treat-
ment strategies, we assumed no difference in non-
CVD mortality rates between the enalapril and the 
enalapril-folic acid groups.
◦ CVD mortality rates at the first year and in sub-
sequent years (after a stroke or after a CHD) were 
obtained from other studies [23–25]. Because no 
statistical difference was found in the CVD fatality 
rate between the enalapril and the enalapril-folic 
acid groups (p > 0.99), we assumed patients had the 
same chance of dying once they had a stroke.

The model was developed using TreeAge Pro soft-
ware (TreeAge Software, Inc., Williamstown, MA, USA) 
(Additional file  2: Fig. S1) and validated by comparing 
first stroke rates with the 4.5-year in-trial data (Addi-
tional file 2: Fig. S2).

Health care resource use and cost estimation
Medical care costs included pre-CVD drug costs, CVD 
costs (cost incurred through the first 30 days after a CVD 
event and for the rest of the first year), and post-CVD 
costs (cost incurred after the first year) and were assessed 
from the Chinese healthcare sector perspective. Because 
the primary endpoint of the CSPPT was first stroke, fol-
low-up was stopped when a stroke occurred. Health care 
resource use in the in-trial analysis included only pre-
stroke drug costs and the first 30 days of hospitalization 
after CVD events.

Information on pre-CVD medication use and adher-
ence, including the two study drugs (enalapril, enalapril-
folic acid) and concomitant medications, was collected 
for all patients in the CSPPT over a median follow-up 
period of 4.5 years. Concomitant medications included 
the five standard antihypertensive drug classes (angio-
tensin converting enzyme inhibitors, beta blockers, 
angiotensin II receptor antagonists, long-acting calcium 
channel blockers, and diuretics), antiplatelet drugs, lipid-
lowering drugs, and hypoglycemic drugs. Pre-CVD drug 

costs were calculated by multiplying the average annual 
cost of pre-CVD drugs by the number of follow-up years 
over the in-trial period or the lifetime period and were 
adjusted by the average treatment adherence time and 
the percentage of concomitant medication use reported 
in the CSPPT. The unit price of each medication pill 
was estimated according to market share values and the 
National Centralized Drug Procurement (NCDP) prices 
or the median bidding price of local official documents 
from 2021 (Additional file 1: Table S3) [27, 28].

The costs of a CVD event during the first 30-days of 
hospitalization included stroke-related costs (ischemic 
stroke and hemorrhagic stroke) and CHD-related costs, 
which were sourced from the China Health Statistics 
Yearbook 2021 [29]. Treatment procedures for the rest of 
the first year and the post-CVD phase followed the clini-
cal pathway of rehabilitation for stroke and medication 
guidance for CHD, respectively [31, 32]. Costs for each 
treatment procedure were calculated by multiplying the 
item counts by their respective unit prices, determined 
by the average prices of the National Development and 
Reform Commission of the People’s Republic of China 
in 2021 (Additional file 1: Table S4) [32, 37]. Taking into 
account that some people may suffer from disability after 
stroke, we introduced a disability rate and a rehabilitation 
rate after stroke based on published literature, to adjust 
for the costs of the rest of the first year and the costs of 
post-CVD (for cost Estimation see (Additional file 1: Cost 
estimates for the rest of the first year or in post-CVD 
phase) [8, 36].

Costs were reported in US dollars and Chinese ren-
minbi (RMB) according to the 2021 exchange rate ($1.00 
=6.45 RMB) [30]. All costs were converted to 2021 with 
the medical care component of the Consumer Price 
Index (CPI) [38].

Quality of life estimation
Utility scores [range 0 (equivalent to death) to 1 (equiva-
lent to perfect health)] were obtained from the CSPPT 
and the medical literature. Utility values of pre-CVD for 
enalapril or enalapril-folic acid treatment were calcu-
lated by using the EuroQOL five-dimension, three-level 
questionnaire (EQ-5D-3L), which was completed by the 
CSPPT patients at the exit visit. The calculation formula 
was based on the Chinese specific EQ-5D-3L value set 
system [39]. The health state utility scores of stroke (pri-
mary and relapse), CHD (primary and relapse), and post-
CVD that are presented in Table  3 were derived from 
published research [31–35]. Quality-adjusted life-years 
(QALYs) were calculated by multiplying the length of 
time in a health state by the utility scores associated with 
that health state.
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Cost‑effectiveness outcomes estimation
Cost-effectiveness was expressed as incremental cost-
effectiveness ratios (ICERs), which were calculated as the 
incremental costs divided by the incremental life-years 
and the incremental QALYs between the two treatments 
of enalapril-folic acid vs. enalapril. All future costs, life-
years, and QALYs were discounted at 5% annually.

The willingness-to-pay (WTP) threshold for cost-effective-
ness was set on the WHO-CHOICE-recommended gross 
domestic product (GDP) per capita-indexed threshold [40]. 
A treatment strategy was considered “highly cost-effective” 
if the WTP for cost-effectiveness was less than one time 
the GDP per capita; “cost-effective” if the WTP was less 
than three times the GDP per capita; otherwise, the strategy 
was considered “not cost-effective.” The GDP per capita for 
China in 2021 was assumed to be $12,544 (80,976 RMB) and 
the WTP was assumed to be $37,663 (242,928 RMB) [30].

Subgroup analysis
The hazard ratios for first stroke in pre-specified sub-
groups (including sex, age, smoking status, diabetes 
mellitus, systolic blood pressure at baseline, total cho-
lesterol, high density lipoprotein-cholesterol (HDL-C), 
the MTHFR C677T polymorphism, folate levels and 
homocysteine) have been published previously. The pre-
estimated λ, γ parameters, and hazard ratios (Additional 
file 1: Table S5) within each subgroup were used for re-
calculating the annual probability of first stroke. The 
relevant distributions of risk factors in each subgroup 
were refitted based on the CSPPT data and were used 
to obtain the annual probability of CHD. Other param-
eters of the model in the subgroup analysis, such as CVD 
relapse rates, mortality rates, costs, and utilities, were the 
same as in the base case analysis.

Sensitivity analysis
We performed extensive sensitivity analyses to assess the 
robustness of our results to plausible variation in model 
parameters including utility scores, HRs, and discount 
rates. One-way sensitivity analyses were performed for 
each model parameter and displayed as a tornado dia-
gram. The upper and lower bounds of drug costs were 
derived from the National Centralized Drug Procure-
ment prices from different manufacturers or from bid-
ding prices in different provinces from 2021 [41]. The 
price range of rehabilitation treatment was derived from 
prices set by the Development and Reform Commission 
from various regions in China [42, 43]. The discount rate 
was set to vary from 0 to 8%. Ranges of other parameters 
were obtained from reported 95% CIs or by ± 20% of the 
base-case values if a 95% CI was not available. Probabil-
istic sensitivity analyses were also performed to evaluate 

the impact of simultaneous changes in all of the above 
model parameters by means of Monte Carlo simulation 
(10,000 replicates). Distributional assumptions for each 
model parameter are summarized in Table 3.

In China, pharmaceutical companies provide a 50% dis-
count of their original price to eligible patients through 
the Patients Aid Program (PAP). Therefore, the impact 
of the PAP was also evaluated in the scenario analyses. 
Additionally, the base case analysis assumed that the 
stroke HR for enalapril-folic-acid versus enalapril was 
fixed throughout the lifetime (HR = 0.79). In scenario 
analyses, the survival benefit of enalapril-folic acid was 
assumed to either (a) remain constant for 10 years, with 
no benefit beyond year 10, or (b) remain constant for 5 
years only with no benefit beyond year 5.
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