
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Ye et al. BMC Infectious Diseases          (2024) 24:909 
https://doi.org/10.1186/s12879-024-09786-z

BMC Infectious Diseases

*Correspondence:
Limin Chen
limin.chen@ibt.pumc.edu.cn; limin_chen_99@126.com
Qiuhong Mo
qiuhong_mo@126.com
1Department of Laboratory, Shenzhen Blood Center, Shenzhen, 
Guangdong 518035, China
2The Hospital of Xidian Group, Xi’an, Shaanxi 710077, China

3The Joint-laboratory of Transfusion-transmitted Diseases (TTDs) between 
Institute of Blood Transfusion (IBT), Chinese Academy of Medical Sciences 
(CAMS) and Nanning Blood Center, Nanning Blood Center, Nanning, 
Guangxi 530003, China
4Provincial Key Laboratory for Transfusion-transmitted Infectious Diseases, 
Institute of Blood Transfusion (IBT), Chinese Academy of Medical Sciences 
(CAMS) and Peking Union Medical College (PUMC), Chengdu,  
Sichuan 610052, China

Abstract
Background  Most Chinese blood centers have implemented mini pool (MP) HBV nucleic acid testing (NAT) together 
with HBsAg ELISA in routine blood donor screening for HBV infection since 2015, and a few centers upgraded MP to 
individual donation (ID) NAT screening recently, raising urgent need for cost-benefit analysis of different screening 
strategies. In an effort to prevent transfusion-transmitted infections (TTIs) for HBV, cost-benefit analyses of three 
different screening strategies: HBsAg alone, HBsAg plus MP NAT and HBsAg plus ID NAT were performed in blood 
donors from southern China where HBV infection was endemic.

Methods  MP-6 HBV NAT and ID NAT were adopted in parallel to screen blood donors for further comparative 
analysis. On the basis of screening data and the documented parameters, the number of window period (WP) 
infection, HBV acute infection, chronic hepatitis B infection (CHB) and occult hepatitis B infection (OBI) was evaluated, 
and the potential prevented HBV TTIs and benefits of these three strategies were predicted based on cost-benefit 
analysis by an estimation model.

Results  Of 132,323 donations, the yield rate for HBsAg-/DNA + screened by ID NAT (0.12%) was significantly higher 
than that by MP NAT (0.058%, P < 0.05). Furthermore, the predicted transfusion-transmitted HBV cases prevented was 
1.25 times more by ID NAT compared to MP-6 NAT. The cost-benefit ratio of the universal HBsAg screening, HBsAg 
plus ID NAT and HBsAg plus MP NAT were 1:58, 1:27 and 1:22, respectively.

Conclusions  Universal HBsAg ELISA screening in combination with HBV ID NAT or MP-6 NAT strategies was highly 
cost effective in China. To further improve blood safety, HBsAg plus HBV DNA ID NAT screening should be considered 
in HBV endemic regions/countries.

Keywords  Blood screening, Hepatitis B, Cost-effectiveness analysis, Nuleic acid testing, Mini pool, Individual 
donation, Occult hepatitis B infection

Cost-benefit analysis of serological 
and nucleic acid testing for hepatitis B virus 
in blood donors in southern China
Xianlin Ye1, Wen Xiong1, Xiaoxuan Xu1, Jinfeng Zeng1, He Xie2, Bin Li3, Baoren He3, Limin Chen2,3,4* and Qiuhong Mo3*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12879-024-09786-z&domain=pdf&date_stamp=2024-9-2


Page 2 of 9Ye et al. BMC Infectious Diseases          (2024) 24:909 

Introduction
HBV infection remains a major global health threat, with 
2 billion people worldwide estimated to have a history of 
past or prior infection and about 5% of the world’s popu-
lation have chronic hepatitis B virus (HBV) infections 
(CHBs) [1]. More importantly, more HBV carriers exist 
and nearly 25% of these carriers will develop into chronic 
infections potentially leading to cirrhosis, and even hepa-
tocellular carcinoma (HCC) [2–4]. In China, hepatitis B 
infection ranks one of the top three infectious diseases 
and about 300,000 patients die from HBV-related dis-
eases annually [5]. Additionally, HBV infection is one of 
the most common contributing factors for cancer deaths 
[6]. HBV infection is highly epidemic in China, where 
approximately 50% of the population have a history of 
HBV infection, and epidemiological studies showed the 
prevalence of HBsAg reaches as high as 5–10% in general 
population [7].

In an effort to control hepatitis B infection, Chinese 
government has been implementing neonatal vaccina-
tion program since 1992, which resulted in a significant 
reduction of HBsAg prevalence in children from 10% to 
< 1% over the last two decades [8]. To further reduce the 
residual risk of transfusion-transmitted HBV infection 
and to improve blood safety, nationwide NAT screening 
for all the blood donors has been adopted since 2015. 
Although anti-HBc testing is not routinely performed in 
Chinese blood centers because deferring anti-HBc-pos-
itive units will significantly affect blood supply in HBV 
medium to high-endemic areas such as in China [9], with 
the combination of sensitive HBsAg plus NAT screen-
ing for blood donors and universal vaccination program 
in children, the residual risk of transfusion-transmitted 
HBV infection has been markedly reduced [10, 11]. How-
ever, OBIs in blood donors with extremely low viral loads 
appeared intermittently and are not detectable either by 
mini pool (MP) NAT or more sensitive individual dona-
tion (ID) NAT [12, 13]. Given the higher sensitivity of 
ID-NAT compared to MP-NAT, ID-NAT has been pre-
dominantly employed for detecting OBI donors with 
extremely low viral loads even though the cost is higher.

Shenzhen Blood Center began to adopt multiplex Mini 
pool NAT as an option in routine blood screening from 
2006, and HBV DNA yield rate was 1:3239 from 307,740 
blood donations assayed [10]. ID NAT (Ultrio assay) has 
been routinely performed in blood donors since 2012, 
and more low-level viral carriers such as OBIs (OBI 
rate:1:453) were identified [11]. From 2019, ID NAT and 
MP NAT were used for screening HBV DNA simulta-
neously for comparison study. However, a proportion 
of MP-reactive but ID-nonreactive donations has been 
detected during routine screening, among which some 
were OBIs, posing threat of transfusion-transmitted HBV 
infection [12]. In order to further decrease the residual 

risk of transfusion-transmitted HBV infection in HBV 
highly endemic regions such as in China and to adjust 
the routine screening strategy accordingly, cost-benefit 
analyses of three different screening strategies: namely 
HBsAg ELISA alone, HBsAg ELISA plus MP-6 NAT, and 
HBsAg ELISA plus ID NAT for blood donor screening 
were conducted in this study by an estimation model. The 
number of potential transfusion-transmitted HBV cases 
prevented were predicted, and a more tailored screening 
strategy was also proposed.

Materials and methods
Routine screening of blood donors
A total of 132,323 donations were screened for HBsAg 
(ELISA, DiaSorin S.P.A. –UK Branch and WanTai Diag-
nostics), anti-HCV, anti-HIV, Syphilis and alanine ami-
notransferase (ALT) from Aug. 2020 to Oct. 2021. HBsAg 
initial reactive samples were re-tested in duplicate, if 
results were reactive in any assay as previously reported, 
and these donations were determined to be HBsAg 
ELISA+ [12]. All the blood donations were randomly 
screened by either ID NAT or MP-6 NAT. Multiplex 
Procleix ultrio plus assay (ID NAT, Grifols diagnos-
tic solutions, Inc. and hogic) and MPX 2.0 (MP-6 NAT, 
Cobas TaqScreen MPX test, version 2.0, Roche Molecu-
lar Systems, Branchburg, NJ) were performed. In total, 
66,029 and 66,294 donations were screened by ID NAT 
and MP-6 NAT respectively for HBV DNA, HCV RNA 
and HIV-1 RNA. Subsequently, a discriminatory Pro-
cleix Ultrio plus HBV/HCV/HIV test (dHBV, dHCV and 
dHIV) was used to determine Initial reactive samples 
of ID NAT of Ultrio plus assay for the respective virus 
(HBV, HCV, or HIV-1). Even if discriminatory Procleix 
Ultrio plus tests were negative, the initial reactive dona-
tions could not be released, and they were labeled as non-
discriminators. Meanwhile, MPX–reactive pools (MP-6) 
were resolved by retesting each individual donation by 
MPX 2.0 ID NAT, and samples individually reactive were 
classified as MPX repeat reactive (regarded as NAT+). If 
one NAT + donation was identified, the other five non-
reactive donations were determined as NAT- and can 
be released. If each individual donation in the mini-pool 
was detected as MPX nonreactive (MP non-resolved 
donations), they can be released, and were regarded as 
HBsAg-/DNA-.

Supplemental serological testing
HBsAg, hepatitis B e antigen (HBeAg), hepatitis B 
e antibodies (anti-HBe), and hepatitis B core anti-
bodies (anti-HBc) and anti-HBs (LOD: 2 IU/L) were 
tested by commercial electrochemiluminescence 
immunoassay (ECLI, Roche, USA) for donations 
with HBsAg ELISA + and HBV MP NAT + and /or ID 
NAT + as described in our previous study [9]. HBsAg 
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ELISA + samples were also assayed using the MPX 2.0 
ID NAT or the Ultrio Plus ID NAT. Samples that tested 
positive for HBsAg and HBV DNA with anti-HBc + were 
considered to have chronic hepatitis B infections (CHBs). 
Samples that tested positive for HBsAg and HBV DNA 
without other serological marks were considered to have 
HBV acute infections (early stage).

Evaluation and calculation of the cost of blood screening 
tests
The costs of water, electricity, and other instrument usage 
for HBsAg ELISA accounted for a negligible proportion 
of the direct reagent cost and were therefore disregarded 
in this context. The expenses associated with instru-
ments used for HBV NAT screening were provided sepa-
rately from the reagent costs. To ensure accuracy, we also 
incorporated Reagent Efficiency (RE) into our analysis. 
Based on the past two years’ consumption of screening 
reagents, the RE was calculated as follows.

RE = the number of tests used /the number of specimen 
reports during Jan. 2020 to Dec. 2021.

Ultro Plus (HBV ID NAT) RE = 1.08; MPX2.0 HBV 
MP6 NAT RE = 1.31; DiaSorin HBsAg ELISA RE = 1.15; 
and WanTai HBsAg ELISA RE = 1.15.

The cost of reagent = RE* the total number of speci-
mens tested.

Estimation of residual risk in window period (WP)
A published residual risk (RR) estimation model was 
adopted to calculate the risk of infection from window 
period(WP)by ELISA and NAT screening for all blood 
donors in Shenzhen Blood Center from 2020 to 2021. 
The RR components for FTDs and RDs were separately 
calculated. The RR was calculated as the prevalence (p) in 
donations (per million donations) multiplied by the WP 
and then divided by the I (Median pre-seroconversion 
interval) for all serological converters: RR = WP/I * p, and 
the total donor population risk was added up accord-
ing to first time donor risk and repeated donor risk as 
reported previously [14, 15].

Estimation of the risk of transfusion-transmitted hepatitis 
B infection
The risk factors of WP HBV infection, acute HBV infec-
tion, chronic hepatitis B infection and OBI were ret-
rospectively analyzed and estimated as previously 
described in detail [12, 16, 17].

Estimation of transfusion-transmitted HBV cases prevented
A brief calculation model for predicted transfusion-
transmitted HBV cases was established to estimate the 
total number of transfusion transmitted HBV cases pre-
vented as follows [12].

Number of OBI cases (c): according to previous study 
[12], we predicted the OBIs cases detected by ID NAT 
for 132,323 donations: c= [number of OBIs confirmed 
by ID NAT for 66029 donations+ (ID NAT initial reac-
tive cases- ID NAT yield cases)×46.7%] ×132,323/66,029, 
and for MP-6 NAT: c = number of OBIs confirmed by MP 
NAT ×132,323/66,294.

In China, all ID NAT non-confirmed initial reactive 
donations cannot be released for use, among which 46.7% 
OBIs were identified based on previous study [18].

Transmission rate of OBI by blood transfusion = 18.2% 
(11 donor-recipient pairs caused two HBV infections) 
[16]. Transmission rate of early acute HBV infection by 
blood transfusion = 100% [19]. Transmission rate of WP 
HBV infection by blood transfusion = 63% [17]. Trans-
mission rate of CHB by blood transfusion = 40.6% [12].

Predicted transfusion transmitted HBV cases pre-
vented = (a×transmission rate of CHB + b× transmission 
rate of early acute HBV infection + c×transmission rate of 
OBI + d×transmission rate of WP HBV infection) × 2 (a 
donation produces two units washed red blood cells and 
200 ml frozen plasma, and at least transfused to two recip
ients)=(a×40.6%+b×100%+c×18.2%+d×63%)×2.

“a” represented number of CHB cases detected; “b” rep-
resented number of acute HBV infections; “c” estimated 
number of OBI cases detected; “d” represented number 
of WP infection.

The cases denoted by a, b, c, d are mutually exclusive, 
and the factor 2 indicating the two ensuing units are 
independent.

Estimation of the economic benefit of routine blood 
screening tests
The direct benefit of preventing one case of HBV trans-
mission was calculated as follows:

Benefit (RMB) = Predicted transfusion transmitted 
HBV cases prevented×420,000, this calculation demon-
strated the potential economic benefits associated with 
intervention, estimated at 420,000 RMB for preventing a 
single case of HBV infection (1$=6.9RMB) [12].

Estimation of the cost-benefit ratio
The cost-benefit ratio = all the cost of reagents used for 
screening (ELISA, ELISA + ID NAT or ELISA + MP NAT) 
not including human power/ benefit.

The specific criteria for determining the cost-effective-
ness of the screening strategies is “benefit > cost”, or cost-
benefit ratio < 1:1.

Cost-benefit estimation of ID NAT or MP NAT without 
HBsAg
Additional cost-benefit ratio = (the cost of adding ID 
NAT or MP NAT- the cost of HBsAg alone)/( the benefit 
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of adding ID NAT or MP NAT- the benefit of HBsAg 
alone).

Results
Routine screening and additional serological testing 
results
A total of 132,323 donations were screened by HBsAg 
plus MP-6 NAT or HBsAg plus ID NAT, including 70,789 
(53.5%) first time donors and 61,534 (46.5%) repeat 
donors. 330 donations were HBsAg ELISA + including 
111 HBsAg + in a single ELISA test. Among the 132,323, 
66,294 donations (11049 MP-6 pools) were tested by 
MP-6 NAT, and 115 pools were initial reactive, of which 
39 donations were resolved HBV DNA+ (0.058%, %95CI: 
0.042-0.08%, MP NAT yield). Meanwhile, 66,029 dona-
tions were tested by ID NAT, and 186 were initial reac-
tive, among which 77 were determined HBV DNA+ 
(0.12%, 95%CI: 0.089-0.15%, ID NAT yield). After addi-
tional serological and nucleic acid testing, 274 were con-
firmed as HBV DNA + including 264 first time donors 
and 10 repeat donors, and 272 were determined HBsAg+ 
(0.21%, 95%CI:0.18-0.23%) with HBV DNA and anti-
HBc, 2 were HBsAg + plus DNA + without other sero-
marks. 56 out of 111 HBsAg + samples in a single ELISA 
test were HBsAg ECLI- and DNA- as determined by vari-
ous DNA assays and confirmed as HBsAg-. For ID NAT, 
3 dHBV + donations were HBsAg ECLI- with DNA- by 
supplemental DNA assays, including 2 without sero-
marks and one with anti-HBs alone, and were regarded as 
HBsAg - and DNA-. Additionally, there was one donation 
with HBsAg-/MPX HBV DNA + that was negative for all 
markers in the supplemental tests. In total, 112 dona-
tions (0.084%, 95%CI: 0.07-0.10%) were confirmed OBIs 
(Fig. 1).

Estimation of window period residual risks of different 
screening strategies
The pre-seroconversion interval (days) of 10 repeat 
donors were documented, and the median (I) was cal-
culated as 738 days. The WPs for HBsAg ELISA alone, 
HBsAg ELISA plus MP-6 NAT and HBsAg ELISA plus ID 
NAT were 42, 8.0 and 5.3, respectively [20, 21]. Therefore, 
the residual risks were estimated as 27.26, 5.19 and 3.44 
per 106 donations for HBsAg ELISA alone, HBsAg ELISA 
plus MP-6 NAT and HBsAg ELISA plus ID NAT, respec-
tively. This would prevent 2.92 (22.07/106 × 132323) and 
3.15 (23.82/106 × 132323) HBV infections after adopting 
MP-6 NAT and ID NAT during the study period cor-
respondingly. The residual risk of window period (WP) 
infection for the three screening strategies are summa-
rized in Table 1.

Cost-benefits analysis of three screening strategies
After screening 132,323 donations by ELISA, 130,668 
seronegative blood samples (21778 pools of MP6) were 
enrolled in this study for MP-6 NAT. The government 
bidding purchasing prices of DiaSorin HBsAg ELISA, 
WanTai HBsAg ELISA, Roche MPX2.0 NAT for HBV 
DNA (MP-6 format), multiple Procleix Ultrio plus assay 
for HBV DNA (ID NAT) were 10 RMB/per test, 0.6 
RMB/per test, 18 RMB/per test, 23 RMB/per test, respec-
tively. Thus, the cost of each screening strategy was cal-
culated as number of donations * purchasing prices*RE. 
The screening cost of two or three different reagents con-
sumed were summed up, and the cost-benefit rate of the 
HBsAg alone, and HBsAg + ID NAT were 1:58.55, 1:27.42 
and 1:22.92, respectively (Table 2).

Analysis of the ratio of additional costs divided by 
additional benefits
Incremental costs / incremental benefits were 3081151.44 
(Yuan)/13,139,972(Yuan) for “HBsAg + MP NAT” and 
3286903.32(Yuan)/39,933,032(Yuan) for “HBsAg + ID 
NAT” respectively. Therefore, the ratios of additional 
cost-benefit were 1:4.26 for “HBsAg + MP NAT” and 
1:12.15 for “HBsAg + ID NAT”, respectively.

Example calculation: HBsAg alone
The purchasing price of dual ELISA reagents/
per test = DiaSorin HBsAg ELISA + WanTai HBsAg 
ELISA = 10 RMB/per test + 0.6 RMB/per test = 10.6 
(Yuan). RE = 1.15 for ELISA.

Screening cost = number of donations × purchasing pri
ces×RE = 132,323 × 10.6 × 1.15 = 1613017.37 (Yuan).

No OBIs and no WPs can be detected, a = 272, b = 2, 
c = 0 and d = 0.

So, transfusion transmitted HBV cases prevented by 
ELISA = (a×40.6%+b×100%) × 2=(272 × 40.6%+2 × 100%) 
× 2 = 224.864.

Screening Benefit = Predicted trans-
fusion transmitted HBV cases 
prevented×420,000 = 224.864 × 420,000 = 94,444,288.

Cost-benefit ratio = 1613017.37 ÷ 94,444,288 = 1:58.55.

Example calculation: HBsAg + ID NAT
Screening cost of ID NAT = number of donations × pur-
chasing prices×RE = 132,323 × 23 × 1.08 = 3286903.32 
(Yuan).

Screening cost of ID NAT plus HBsAg = 3286903.32 + 1
613017.37 = 4899920.69 (Yuan).

c= [number of OBIs confirmed by ID NAT+ (ID NAT 
initial reactive cases- ID NAT yield cases)×46.7%] × 132,3
23/66,029=[74+(186 − 77)×46.7%] = 250.31.

So, transfusion transmitted HBV cases prevented by 
HBsAg + ID NAT = (a×40.6%+b×100%+c×18.2%+d×63%) 
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×2 =(272 × 40.6%+2 × 100%+250.31 × 18.2%+3.15 × 63%) × 
2 = 319.946.

Screening Benefit = Predicted trans-
fusion transmitted HBV cases pre-
vented×420,000 = 319.946 × 420,000 = 134,377,320 (Yuan).

Cost-benefit ratio = 4899920.69 ÷ 134,377,320 = 1:27.42.

Example calculation: HBsAg + MP-6 NAT
Screening cost of MP NAT = number of donations × pur-
chasing prices×RE = 1,306,688 × 18 × 1.31 = 3081151.44 
(Yuan).

Screening cost of MP NAT plus HBsAg = 3081151.44 + 
1613017.37 = 4694168.81 (Yuan).

Fig. 1  Flowchart for serological and NAT algorithm of 132,323 donations. Classification algorithm of HBV infections was shown. CHB(s), chronic hepatitis 
B infection(s); ELISA, enzyme-linked immunosorbent assay; HBV, hepatitis B virus; NAT, nucleic acid testing; OBIs, occult hepatitis B infections. dHBV, dis-
criminatory Procleix Ultrio plus HBV test; NRR, non-repeat reactive; MP6, mini pools of six
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c = number of OBIs confirmed by MP NAT× 132,323/6
6,294 = 38 × 132,323/66,294 = 75.85.

So, transfusion transmitted HBV cases prevented by 
HBsAg + MP NAT = (a×40.6%+b×100%+c×18.2%+d×63%) 
×2 =(272 × 40.6%+2 × 100%+75.85 × 18.2%+2.92 × 63%) × 
2 = 256.153.

Screening Benefit = Predicted trans-
fusion transmitted HBV cases pre-
vented×420,000 = 256.153 × 420,000 = 107,584,260 (Yuan).

Cost-benefit ratio = 4694168.81 ÷ 107,584,260 = 1:22.92.

Discussion
Based on previous screening results and the proposed 
modelling assumptions, the cost-benefit ratios of HBsAg 
ELISA screening plus additional HBV MP NAT (1:22.92) 
or ID NAT (1:27.42) were much lower than the critical 
value of 1:1.0, which fully supported that blood screening 
strategies for HBV by assaying HBV NAT (ID or MP-6 
format) in addition to HBsAg are extremely cost-effective 
in Chinese blood centers. So far, the international cost-
benefit analysis of implementing HBV NAT is based on 
the Analysis-Markov model prediction method using the 
quality-adjusted life-years to assess the benefits of life 
extension and quality improvement, and the outcomes 
were quite different due to various economic evalua-
tions and different modeling assumptions. A study from 
Taiwan, China with a high prevalence of HBV reported 
the cost-effectiveness of adding MP NAT for HBV was 
much higher than that of performing HBsAg testing. 

An evaluation in the Netherlands showed that the cost 
effectiveness of HBV NAT in MP-6 format was better 
than that of HBV ID NAT [22]. However, in Zimbabwe of 
South Africa with a high HBV prevalence, data suggested 
that the introduction of NAT was not cost-effective, even 
though it could further improve blood safety [23]. How-
ever, another study from US concluded that the cost-
effectiveness of adding NAT screening is reasonable for 
ensuring blood safety in comparison with most health-
care interventions [24]. All these data indicated that 
implementation of NAT screening for blood donors will 
subsequently result in an increase in the number of pre-
vented viral transmissions and health outcomes gained. 
Although there is evidence of substantial benefits derived 
from the introduction of NAT, these benefits come with 
a significant increase in costs, particularly for blood 
screening. In current analysis, the cost-benefit ratio 
of HBV nucleic acid detections (MP-6 or ID NAT) was 
lower than that of HBsAg detection. The main reason 
is the high prevalence of hepatitis B infection in China, 
and most of the blood donors with HBV infections are 
chronic asymptomatic infections, which can be currently 
detected by HBsAg ELISA reagents. In addition, the cost 
of ELISA reagents is much cheaper than NAT screening 
reagents. Compared to HBsAg ELISA alone, the addi-
tional cost-benefit ratio for adding ID NAT stands at 
1:12.15, which is 2.85 times as that of adding MP NAT, 
indicating that the implementation of ID NAT in regions 
with high HBV prevalence is more cost-effective.

The screening strategy for HBV in blood donors mainly 
includes HBsAg, HBV NAT and anti-HBc testing world-
wide. Undoubtedly, HBsAg plus anti-HBc screening 
has been proven the most cost-effective due to the high 
prevalence of hepatitis B infection in China [12]. It is 
noteworthy that the positive rate of anti-HBc is as high 
as 40% in Chinese blood donors, and therefore testing 
anti-HBc would exclude about 40% anti-HBc + donations 
from blood supply, resulting in blood shortage [7]. Thus, 
HBsAg and HBV NAT become the mandatory screening 

Table 1  The residual risk estimates of WP for three 
screening strategies
Screening strategies WP (day) RR (/106) Reduc-

tion of 
RR (/106)

HBsAg ELISA alone 42 27.26
HBsAg ELISA + MP-6 NAT 8.0 5.19 22.07
HBsAg ELISA + ID NAT 5.3 3.44 23.82
WP, window period; RR, residual risk. ELISA, enzyme-linked immunosorbent 
assay; MP6, mini pools of six; NAT, nucleic acid testing; ID, individual donation.

Table 2  Cost-benefit analysis of three screening strategies for 132,323 donations
Screening strategies ①/②
HBsAg alone HBsAg + ID NAT① HBsAg + MP-6②

Screening cost (Yuan) 1613017.37 4899920.69 4694168.81* 1.04
number of CHB cases detecteda 272 272 272 1
number of acute infection cases detectedb 2 2 2 1
Estimated number of OBI cases detectedc 0 250.31 75.85 3.30
Estimated number of WP cases detectedd 0 3.15 2.92 1.08
Estimated transfusion transmitted HBV cases prevented 224.864 319.946 256.153 1.25
Screening benefit (yuan) 94,444,288 134,377,320 107,584,260 1.25
Cost-benefit ratio 1:58.55 1:27.42 1:22.92 1.25
Additional Cost-benefit ratio 1:12.15 1:4.26 1:2.85
*After screening 132,323 donations by ELISA, 130,668 sero-negative blood samples were enrolled in this study for MP-6 NAT, number of donations = 130,668. CHB(s), 
chronic hepatitis B infection(s); ELISA, enzyme-linked immunosorbent assay; HBV, hepatitis B virus; NAT, nucleic acid testing; OBIs, occult hepatitis B infections; WP, 
window period; ID, individual donation; MP-6, mini pools of six
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strategy in Chinese blood centers. Although the yield rate 
of HBsAg-/DNA + by ID NAT is higher than MP NAT, 
the cost of ID NAT seems also too high to afford, there-
fore MP NAT has logically become a main choice in most 
Chinese blood centers. As such, it is necessary to analyze 
the costs and benefits of different screening strategies to 
provide basic data for government in the decision-mak-
ing process. During the one year study period, two HBV 
NAT screening strategies (ID-NAT and MP-NAT) were 
randomly used, and our results revealed that the yield 
rate of HBV ID NAT (0.12%) was much higher than that 
of the MP-6 format (0.058%), mainly because the sensitiv-
ity of the HBV ID NAT (95% LOD: 3.4IU/ml) was much 
higher than that of HBV MP-6 NAT [95% LOD: 13.8 IU/
ml [3]. In addition, the estimation of OBI cases detected 
in ID NAT was 3.30 times higher than in MP-6 format 
because ID NAT detected many non-discriminators 
which contained 46.7-69.9% OBIs [18, 25]. Previous study 
also revealed that HBV MP NAT could result in missing 
detection of OBIs [8]. An American comprehensive study 
from 22.4 million blood donors screened by HBsAg, anti-
HBc, and NAT also revealed that only 43/404 (10.6%) 
OBIs could be detected by MP-NAT, while most of OBIs 
(361/404, 89.4%) with low viral loads could only be iden-
tified by ID-NAT [26]. This conclusion was consistent 
with another previous study which reported HBV MP 
NAT failed to detect approximately 92% (46 of 593) of 
OBI donors [27]. Out of 103,356 seronegative Chinese 
blood donations, Fifty-six out of 98 reactive MPs (57.1%) 
were resolved as HBV DNA+, but 17 non-resolved dona-
tions identified as OBIs by alternative NAT assays were 
missed by MP-NAT [12]. Transfusion of blood from OBI 
donations missed by MP NAT may cause HBV infection 
in recipients. A retrospective study in Italy observed that 
2 of 14 patients who received transfusion from OBI dona-
tions missed by MP NAT screening were infected, which 
was confirmed by HBV sequence homology [16]. These 
evidences strongly suggested ID NAT is needed to detect 
OBI donors with low viral loads, and it should be given 
priority to be implemented in routine screening in HBV 
high endemic regions.

Our current data indicate that serological HBsAg 
screening in 132,323 blood samples could prevent 224 
transfusion-transmitted HBV infection cases. In addition, 
adding HBV ID NAT or HBV MP-6 NAT screening could 
intercept 334 and 255 HBV infection cases, respectively. 
Results of this study also show that HBV ID NAT with 
HBsAg screening could provide a safer blood, although 
the cost is higher. The NAT yield rate depends on the 
assay sensitivity. In our previous studies, we observed 
an unexpectedly huge increase in NAT yield rates after 
introduction of the more sensitive Ultrio Plus assay [10, 
11]. In addition, the use of MP-6 NAT and/or ID-NAT 
helps overcome the safety gap resulting from lack of 

implementation of the anti-HBc testing in Chinese blood 
donors. It is worth noting that our findings also suggest 
that the HBsAg testing remained important to ensure 
blood safety and should be enforced with reagents of 
higher sensitivity and specificity [28, 29]. Discontinuation 
of HBsAg donor screening or reliance on ID-NAT alone 
seems to be unsafe for blood transfusion [29].

Our current study has limitations. This brief analy-
sis depends on data collected from HBV high endemic 
regions, therefore universal or more appropriate mod-
els may be required for generalization. As we men-
tioned in this study, we used the brief infectivity model 
which only included the WP, Acute infection, CHB and 
OBI infection stages. In fact, estimation model includ-
ing eight HBV infection stages would be more accurate 
[19]. Although the modification of the HBV LTR (the 
mean lifetime risk) is designed in this study to compen-
sate for the calculation bias to improve the accuracy of 
the model, two limitations would influence the precision 
of the modeling: (1) when dealing with a skewed distri-
bution such as inter-donation intervals, the median pre-
seroconversion interval may be a poor approximation of 
the mean, and (2) an average seroconversion interval is a 
length biased estimate of an average of all inter-donation 
intervals. To strengthen the study findings, a standard 
error of the estimated cost-benefit ratio should be used.

In conclusion, current strategy for HBV screening in 
Chinese blood donors using HBsAg ELISA and addi-
tional ID-NAT or MP-6 NAT is very cost effective. Intro-
ducing ID-NAT or MP-NAT, in addition to serological 
screening, intercepted more donations with potential 
threat to blood safety despite a significant increase in 
cost. In regions where economic condition allows, ID 
NAT should be given priority to further increase the 
safety of blood transfusion.
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