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Abstract

Newborn screening helps identify sickle cell disorder (SCD) early and to promptly initiate
effective measures. It is estimated that India accounts for approximately 16% of global
annual births with SCD. Multiple reports of screening for SCD in India have emerged in
the last decade. Our aim was to pool the birth prevalence of SCD and sickle cell trait (SCT).
A systematic review of published evidence on nontargeted, universal screening for SCD
or SCT in newborns was performed (16 studies). The pooled prevalence of SCD was 1100
per 100,000 (10 studies, 88,276 neonates, 95% CI: 432, 1768), while that of SCT was 9639
per 100,000 (7 studies, 72,702 neonates, 95% CI: 6283, 12,995) in endemic regions. Limited
data exist from nonendemic regions. Only three studies had data on follow-up and con-
firmatory genetic diagnosis. Sparse data exist on cost-effectiveness, long-term follow-up,
and the impact of early screening on mortality. Concerted ongoing efforts in the identifi-
cation of the burden are needed. The needs of the hour are universalization of NBS, inte-
gration into existing health systems, and maintenance of birth cohorts with early intro-
duction of penicillin prophylaxis, hydroxyurea, parental education, appropriate immun-
ization, and continued follow-up by an experienced medical team.

Keywords: under-5 mortality; tribal health; SDG 4; preventive care; hydroxyurea

1. Introduction

Sickle cell disease is the most common monogenic disorder in India [1], with inherent
acute and chronic complications if undiagnosed and untreated. The Global Burden of Dis-
eases (GBD) report on sickle cell disorders (5CDs) estimated approximately 82,500 births
with sickle cell disorders (homozygous sickle cell, compound heterozygous HbS-thal, he-
moglobin SC disease, compound heterozygous HbS-beta+) in India, with approximately
15,600 under-5 deaths attributable to these disorders, making them the 10th most common
cause of under-5 mortality in the country [2]. They also found that India, along with the
western and central parts of Africa, has the highest concentration of sickle cell disease
disability burden. The prevalence of sickle cell trait (SCT) is as high as 35% in the endemic
tribal population to nonexistent in other parts of the country [3]. The endemic regions in
the country are South Gujarat, Maharashtra, Madhya Pradesh, Chhattisgarh, and western
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Odisha, with a smaller focus in Andhra Pradesh, Karnataka, northern Tamil Nadu, and
Kerala [3].

The diagnosis and management of SCD have not been ideal in India due to regional,
economic, and educational disparities. Targeted and protocolized follow-up exists only in
pockets of high prevalence. National Family Health Survey 5 (NFHS-5) data show that the
tribal population, which accounts for 8.6% of India’s population, has high under-5 mor-
tality (52 per 1000 live births compared to 42 overall) and infant mortality (43 per 1000 live
births versus 35.2 overall) [4]. The key reasons are a lack of systems for the early diagnosis
of health issues, remote locations reducing access to good-quality healthcare services, an
inequitable distribution of resources, and resistance to modern medical care.

Presently, under-5 mortality in India is 42 per 1000, and with current trends of im-
provement, it is unlikely that India will reach the SDG 2030 target (25 per 1000). Universal
NBS is one of the tools to improve under-5 mortality. Early diagnosis of treatable disor-
ders helps prevent progression and damage due to the disease. NBS helps in implement-
ing preventive measures, providing opportunities for parental education, ensuring com-
pliant follow-up, and helping reduce infant and child mortality.

The Indian health system is heterogeneous, with a complex mixture of government
and private agencies [5]. It is a three-tier system (primary, secondary, tertiary) with indi-
vidual states being primarily responsible. Often, due to constraints in the public setup,
private centers must be relied upon. The newborn screening program in India is in its
early stages, with only three states (Goa, Kerala, and Chandigarh) having state-run pro-
grams [6,7]. Although there is public medical consensus on the need to screen, no national
strategy or direction exists to implement a national program. The challenges faced are lack
of universal acceptance, low awareness, communication on reports and initiation of treat-
ment, lack of robust follow-up, and quality control of laboratories conducting the tests [6].
In a highly populated country, the implementation of newborn screening and the creation
of disease-specific birth cohorts, along with the provision of comprehensive preventive
and therapeutic healthcare services for affected individuals, will help reduce disease-re-
lated morbidity and mortality.

It is heartening to see the significant leaps made in the last decade in India, particu-
larly with targeted screening of babies born to mothers with sickle cell disorders [8,9] and
those from endemic regions [10]. Universal newborn screening (NBS) is being imple-
mented in parts of South Gujarat, Maharashtra, Madhya Pradesh, Chhattisgarh, Odisha,
and Tripura. A screening of 18,003 babies conducted in 2018 identified 2944 as sickle cell
carriers and 300 as having SCD [11]. The Indian Council of Medical Research (ICMR) is
conducting a screening of 60 million people in 17 identified tribal-dominated states.
Screening of 63,536 newborns conducted from 2019 to 2024 in endemic regions diagnosed
7275 babies (11.4 percent) as sickle cell carriers and 569 babies (0.9 percent) as SCD [12,13].
The increasing availability of high-performance liquid chromatography (HPLC) machines
in the government sector makes them accessible for use in screening programs.

It is imperative to quantify the burden of SCD in newborns in our country (i.e., the
birth prevalence). The quantity of effort required to eliminate the disease by 2047 will
depend on the accurate assessment of the numbers of patients who need care. We collated
all the published evidence on newborn screening conducted to identify SCD and SCT in
India and pooled the birth prevalence data for these conditions.

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

The protocol for this systematic review and meta-analysis was prospectively regis-
tered in the Open Science Framework database [14] and can be accessed at https://osf.io

https://doi.org/10.3390/ijns12010010



Int. ]. Neonatal Screen. 2026, 12, 10

3 of 20

(accessed on 13 January 2026). We followed the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) reporting guidelines [15].

We searched the PubMed, Embase, Scopus, and Web of Science databases from their
inception until 7 November 2025. We designed our search strategy to identify all studies
on newborn screening from India. We also searched for citations and reviewed the refer-
ences of the eligible articles to identify additional studies. Gray literature and unpublished
data were identified by searching Google, Google Scholar, government websites, disser-
tation websites (Shodhganga, open-access theses and dissertations) and preprints
(medRxiv.org). We contacted researchers who were working on these topics. The search
strategy is shown in Table Al.

2.2. Inclusion and Exclusion Criteria

All observational studies from India that assessed one or more of the three outcomes
of interest, i.e., the prevalence of SCD or SCT, screen-positivity rates, or burden or cost,
were included. A study was considered eligible for inclusion if it was a cross-sectional
prevalence study (i.e., all neonates born or admitted to the unit or from a particular locality
were screened for SCD). We excluded studies where the authors did not state the sample
size and the number of subjects who tested positive, where targeted newborn screening
was performed (i.e., babies born to mothers with SCD or SCT were screened), and studies
where screening was performed beyond the neonatal period. Conference abstracts with-
out formal publication, systematic reviews, meta-analyses, letters or correspondence with-
out original data, guidelines, and multinational studies where separate data for Indian
neonates could not be obtained were also excluded.

2.3. Outcomes

The primary outcome of interest was the prevalence of SCD. The diagnostic criteria
used were the presence of very high levels of HbS (>90%) for homozygous sickle cell dis-
ease and HbS of 30—40% for the sickle cell trait. The secondary outcomes included burden
in different settings (endemic and nonendemic, tribal, and nontribal), as well as the asso-
ciated costs.

2.4. Data Handling

We exported the articles retrieved from the databases to Rayyan software [16]. After
removing the duplicates, two reviewers (RPA and EAR) assessed the titles and abstracts
for potentially eligible articles in a blinded manner, and any discrepancies were resolved
by mutual discussion and involvement of the third reviewer (RPW). We retrieved full
texts of eligible articles and extracted the following data: study identification details; study
and population characteristics including study setting (tribal or nontribal), place of study
(endemic or nonendemic), duration, study design (prospective or retrospective), inclusion
and exclusion criteria, details of screening tests including the sampling method, analytical
methods used (high-performance liquid chromatography (HPLC) or electrophoresis), and
diagnostic criteria, details of confirmatory testing—sampling strategy for screen-positive
neonates, and criteria for confirming the diagnosis of SCD, and data on follow-up. Dupli-
cation of the dataset was assumed when the study duration and place of study were sim-
ilar or overlapping. Studies that were performed over the longest period were included.

2.5. Quality Assessment

Two reviewers independently assessed the quality of the included studies using the
Joanna Briggs Institute tool for assessing the quality of prevalence studies
(https://jbi.global/critical-appraisal-tools accessed on 13 January 2026). The quality was
rated lower when the neonates were excluded inappropriately, the sampling strategy did
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Identification ]

[

Screening ]

[

]

Included

not include consecutively born neonates, the sample size was inadequate (<4226, assuming
1+ 0.3% prevalence of SCD) [17], population characteristics were not described in detail,
analytical methods used were inappropriate, or when the diagnostic criteria were not as per
guidelines. The overall risk of bias for a study was rated high if at least one domain was at
high risk of bias. We included all eligible studies in the meta-analysis, irrespective of quality.

2.6. Statistical Analysis

Since the prevalence of SCA is below 0.005 (approximately 0.001 to 0.002 in previous
studies), the Freeman-Tukey double-arcsine transformation method was employed to sta-
bilize the variance [18]. SCT has a prevalence above 0.005, and we used a random-effect
model (DerSimonian and Laird method) to account for within-study and between-study
variances [19]. The overall pooled prevalence was not estimated, as the prevalence rates
for SCD and SCT varied widely in endemic versus nonendemic regions and tribal versus
nontribal populations. The prevalence is reported as the number of cases per 100,000 pop-
ulation screened, in accordance with the GBD standards [2]. We used R statistical software
(meta package) version 4.5.1 for Windows (Copyright (C) 2025 The R Foundation for Sta-
tistical Computing) for meta-analysis. Heterogeneity was assessed using Cochran’s Q, 12,
12, and prediction intervals, as well as the variability of estimates across the studies in the
forest plots and the variance of the pooled estimates [20]. We planned to assess publication
bias using funnel plots, Doi plots, and the LFK index [21]. We planned a sensitivity anal-
ysis after excluding studies at high risk of bias.

3. Results
3.1. Search Results

The database search yielded 625 unique titles. Ten additional titles were found
through gray literature and citation searches. In sum, 77 full-text articles (66 from data-
bases and 11 from other sources) were evaluated for eligibility, and 16 studies (11 from
databases and 5 from other sources) were included in the meta-analysis [12,22-36]. The
PRISMA flow diagram is shown in Figure 1. The excluded studies are shown in Table A2.

Identification of studies via databases and registers

} [ Identification of studies via other methods ]

Records identified from

databases (n =817)
PubMed: 360
Embase: 192
Scopus: 47

Web of Science: 218

Records identified from:
Websites (n = 6)
Citation searching (n =4)
Newspaper article (n=1)

Records removed before
screening:
Duplicate records removed
(n=192)

A4

}

Records screened

Records excluded
(n=559)

A4

(n=625)

Reports sought for retrieval

Reports not retrieved

a n=0)

Reports sought for retrieval

| Reports not retrieved

n=0)

(n=66)
!

Reports assessed for
eligibility (n = 66)

A4

[

Studies included in review
(n=16)
Reports of included studies
(n=16)

Reports excluded: 55
Wrong population (n =22)
Review article, no original
data (n=16)
Targeted screening (n = 6)
Wrong outcome (n = 4)
Study protocol (n =2)
Duplication of dataset (n=2)
Editorial (n=1)
Case report (n=1)
Conference abstract (n=1)

(n=11)
!

Reports assessed for
eligibility
n=11)

Figure 1. PRISMA flow diagram.

Reports excluded: 6
Wrong population (n = 3)
Wrong outcome (n=1)
Review article (n=1)
Conference abstract (n=1)
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3.2. Characteristics of Included Studies

Ten studies were conducted in endemic regions [12,23-26,28,32,34-36], and six were
conducted in nonendemic regions [22,27,29-31,33]. The characteristics of the included
studies are provided in Table 1. Most studies were conducted in the state of Maharashtra
[24,26,32,33,36]. Other studies were from the states of Telangana [27,29], Tripura [30], Ra-
jasthan [31], Odisha [23], Chhattisgarh [28], West Bengal [22], and Gujarat [24]. Three stud-
ies were conducted across different states [12,34,35]. Dried blood spot testing was the pre-
ferred method of sample collection [12,22,24,25,27-29,31,33-36], and HPLC was used for
analysis in all studies. The HemoTypeSC assay was used in two studies. Confirmatory
genetic testing was performed in only three studies [12,30,31]. Four studies reported the
types of SCD. Sickle beta-thalassemia was reported in three studies (27 newborns), and
HbS-HbD Punjab was reported in 1 newborn in one study. Follow-up data were men-
tioned in three studies [25,28,35]. Details on genetic diagnosis were available in four stud-
ies [25,30,31,35]. Treatment details were reported in four studies [25,28,31,35].

Table 1. Characteristics of included studies.

Author, Year,

Place of Study, Design and Dura-

Exclusion Cri-

. Inclusion Criteria . Analytical Methods
State tion teria
Government Maternity Hospital,
Karra, 2025 Hanamkonda bszil(ﬂﬁiﬁf ifcon. Do0T Sample HPLC
Telangana [27] Prospective study secutive) quality
Study duration not specified
Central India (pl f study not
Jha, 2024 entrat ;a ((eIZi?iCefi;) SHEYNOY - Newborns from vari-
Mahara;shtra [26] Pros;)ective study ous communities (un- Not specified HPLC
lear if ti
January to December 2023 clear if consecutive)
Newborn screening among tribal
populations in 4 districts of Gujarat Babies were screened
Italia, 2015 (Valsad, Navsari, Dang, Surat)- 10  at birth or within 1 Not specified HPLC using Bio-Rad La-
Gujarat [25] hospitals month (unclear if con- p boratories
Prospective study secutive)
2 years (exact time not specified)
Four centers from Maharashtra and Newb f 4
ewborns from
' Gujarat (Valsad, Jhagadia, N
Mukherjee, 2020 Gujarat (Valsad, Jhagadia, Nagpur centers of Maharash- . HemoTypeSC assay and
Maharashtra & and Chandrapur) ) ) ) Not specified .
Guiarat [34] Prospective study tra and Gujarat (likely HPLC (Bio-Rad)
d
Study duration not specified random)
Government Medical College and HPLC (VARIANT TM
Govinda Ballav Pant Hospital, Universal newborn Bio-Rad) for screening;
Upadhye, 2018 Agartala . . DNA analysis with cova-
Tri - screening program  Not specified i .
pura [30] Prospective study . lent reverse dot-blot hy
(consecutive) bridization (CRDB) for
3 years (exact time not specified) . .
confirmation
Vishnoi. 2025 RNT Medical College, Udaipur;  All neonates deliv- HPLC (Bio-Rad VARI-
Ra'astha,n 31] Prospective study ered at the institute  Not specified ANT) for screening; PCR
J January 2022 to December 2024 (consecutive) for confirmation
City- Mumbai, setting unclear (de- .
tails of Hospitals and Clinics not Newborns whose HPLC (B10-Rac.1 VARI-,
Daruwalla, 2021 rovided) DBS samples were re- Not specified ANT) for screening; Vari-
Maharashtra [33] £ ferred from hospitals P ant II open HPLC system

Prospective study

January 2016 to November 2018

and private clinics for comparison
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(likely not consecu-

tive)
Kalahandi District Hospital, Bha- Newborns delivered
Dixit, 2015 wani Patna, Odisha at Kalahandi District Not specified HPLC (Bio-Rad VARI-
Odisha [23] Prospective study Hospital (likely con- ANT)
March 2013 to June 2013 secutive)

Universal newborn screening at ~ Universal newborn
Thaker, 2021  Valsad, Navsari, Dang, Surat and screening at Valsad,

HPLC (Bio-Rad VARI-

Gujarat & Jabalpur Navsari, Dang, Surat Not specified ANT for DBS and Bio-Rad
Madhya Pradesh  Targeted screening at Bharuch and Jabalpur, Tar- P VARIANT 2 for cord
[35] Prospective study geted screening at blood)
Six years (2010-2016) Bharuch
Dr BRAM Hospital (JN Medical Sick neonates
College, Raipur) All newborns of admitted to
Panigrahi, 2012 Prospective study women delivered at NICU and neo- .
HPLC-sickle sh
Chhattisgarh [28] Dr BRAM Hospital  nates given C-sickle short
February 2008 to January 2009 (universal) blood transfu-
sion
IPGMER, Kolkat
Bose, 2011 5 e Inborn babies within " Isoelectric focusing (Per-
Prospective study . Not specified .
West Bengal [22] — 3-7 days of life kin Elmer)
2 months (exact dates not specified)
Pilot program by CDFD, Hydera-
i bad i -
Devi, 2004 a_i Newborn babies be Not specified Not specified
Telangana [29] Prospective study tween 6 + 2 days
Exact time not specified
Government Medical College, Au- Routine deliveries un-
rangabad der observation, new-
Prospective study born admitted for
other significant ill-
nesses like anemia, fe-
H 2011 !
anmante, 20 ver, etc. Not specified HPLC sickle short
Maharashtra [24]
2009 to N ber 2010 CBC performed on
January o ovember newborns with Hb
<14 mg/dL tested
with HPLC (not con-
secutive)
Regional H lobi thy Detec-
eg'lona COROETOPINOPATLY EHEE Mothers delivered at
tion and Management Centre, . .
Waghmare, 2019 . . Government Medical .. . HPLC (further details not
Vidarbha Region Not specified .
Maharashtra [32] 5 College; Nagpur were provided)
Prospective study
- — randomly selected
2 years (exact time not specified
Model Rural Health Research Unit  All newborns (=28
MRHRU), Dahanu in Palghar dis- i
Surve, 2024 ( ). ahanu i baghat ¢is week.s) c.iehvered' at ... , HPLC-Variant Hb testing
Maharashtra [36] trict, Maharashtra Subdistrict Hospital Not specified system (Bio-Rad)
Prospective study (SDH), Dahanu and y
Duration not specified Kasa
Surve, 2025 National Institute For Implementa- Hb-Variant-II testing sys-

. . tion Research on Non-Communica- All the live-born ba- s
Rajasthan, Guja- ) . . . . ... Stillbirths and
. ble Diseases in Jodhpur, Society for bies delivered within . .
rat, Tamil Nadu, . . . intrauterine fe-
. Education, Welfare and Action-Ru- the facilities of se-
Odisha, Maha- ) . . tal deaths
ral (SEWA-Rural) in Gujarat, the lected regions
rashtra and

Nilgiris Adivasi Welfare

tem (Bio-Rad Laborato-
ries, Hercules, CA, USA)
HemoTypeSC on the first
300 samples at each center
for comparison
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Madhya Pradesh Association (NAWA), Tamil Nadu,
ICMR- National Institute for Re-
search in Reproductive Health in

Mumbai, ICMR-National Institute

of Research in Tribal Health

[12,13]

(NIRTH) in Jabalpur, ICMR-Re-
gional Medical Research Centre,
Bhubaneswar and ICMR- Centre
for Research Management and Con-
trol of Hemoglobinopathies
(CRHCM) in Chandrapur

Prospective study

Duration not specified

For confirmation, DDE1
PCR and RFLP analysis
using Qiagen Flexi Gene
DNA kit (Qiagen, Hilden,
Germany)

HPLC—high-performance liquid chromatography, CDFD —Centre for DNA Fingerprinting and Di-

agnostics, PCR—polymerase chain reaction, DNA —deoxyribose nucleic acid, RFLP —restriction

fragment length polymorphism.

3.3. Quality Assessment

On quality assessment (Figure 2), five studies were identified to be at low risk of bias

[9,12,25,33,35]. The primary reasons for increased risk of bias in other studies were inade-

quate sample size (n = 8 studies), inadequate description of study participants (n = 4), and

inappropriate statistical analysis (n = 4).

Study

Risk of bias
pi | b2 | p3 | pa | Ds D6 p7 | b8 | Do [ overal
el @ © 0 0 © © © © ®
me | © © @ @ O © © © ®
o | @ @ © © © © © O ®
weie2 @ @ O O O & © @ X
et @ ® @ ® ® © O @ X
w2 @ @ © © © © © © ®
22| @ O ® @ @ @ © @ ®
iz | @ © @ @ @ @ & @ [
ez | @ @ @ © @ © @ @ ®
gz @ ® @ @ ©® & & © ®
et | @ @ @ © O © & @ X
iz | @ O ©@ & © © O @ X
e @ @ @© ® @ © & @ X
wonezs @ O @ ©® ©® & O @ ey
ezt | @ O @ ©® © © © @ ®
ez | @ @ €@ @ O @ @ O ®
D1: Was the sample frame appropriate to address the target population? Judgement
D2: Were study participants sampled in an appropriate way? .
D3: Was the sample size adequate? . High
D4: Were the study subjects and the setting described in detail? - Unglear
D5: Was the data analysis conducted with sufficient coverage of the identified sample?
D6: Were valid methods used for the identification of the condition? . Low

D7: Was the condition measured in a standard, reliable way for all participants?
D8: Was there an appropriate statistical analysis?
D9: Was the response rate adequate, and if not, was the low response rate managed appropriately?

Figure 2. Quality assessment [13,22-36].

. No information
Not applicable
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3.4. Meta-Analysis

In endemic regions, the prevalence of SCD was 1100 per 100,000 neonates screened
(10 studies, 88,276 neonates, 95% CI: 432, 1768), while that of SCT was 9639 per 100,000
neonates screened (7 studies, 72,702 neonates, 95% CI: 6283, 12,95). In nonendemic re-
gions, the prevalence of SCD was close to 0 per 100,000 neonates screened (6 studies,
43,146 neonates, 95% CI: 0, 2), while that of SCT was 580 per 100,000 neonates screened (6
studies, 43,146 neonates, 95% CI: 115, 1347). The forest plots are shown in Figure 3.

Study Cases Total Prevalence 95% C.L

Surve, 2025 569 63536 896 [822; 969]
Surve, 2024 33 6276 526 [347; 705 =|
italia, 2015 46 5467 841 [599;1084] =
Thaker, 2021 1286 8916 1436 [1189; 1683] -
Hanmante, 2011 0 500 0 [ 0 276]® |
Panigrahi, 2012 6 1158 518 [105; 932] &
Mukherjee, 2020 7 980 714 [187;1242] =
Dixit, 2015 13 761 1708 [788;2629] —@—
Waghmare, 2019 3 300 1000 [ 0;2126] —#—
Jha, 2024 28 382 7330 [4716; 9943] i I —
Random effects model 1100 [432; 1768] -~
Prediction interval [ 0;3511] |

0 2000 4000 6000 8000 10,000
Prevalence of sickle cell disorders (per 100,000)

Heterogeneity: I° = 91.1%, «* = 0.0001, 2 = 101.58 (p < 0.0001)

(a) Sickle cell disorders in endemic regions

Study Cases Total Prevalence 95% C.L.

Surve, 2025 7275 63536 11450 [11203, 11698]

ltalia, 2015 687 5467 12566 [11688; 13445] .
Hanmante, 2011 8 500 1600 [ 500; 2700] &

Panigrahi, 2012 686 1158 5872 [4518; 7226] .l

Mukherjee, 2020 108 980 11020 [9060; 12981] i

Dixit, 2015 112 761 14717 [12200; 17235] e
Waghmare, 2019 32 300 10667 [7174;14160] —
Random effects model 9639 [6283; 12995] —
Prediction interval [ 0;21254] -

Heterogeneity: I° = 98.4%, ©* = 0.0020, 4 = 368.95 (p < 0.0001) ‘ T ‘ T ‘
0 5000 10,000 15,000 20,000
Prevalence of sickle cell trait (per 100,000)

(b) Sickle cell trait in endemic regions

Study Cases Total Prevalence 95% C.L

Vishnoi, 2025 9 26642 34 [10; 55]: —=@—
Devi, 2004 0 7100 0 [0; O]m
Daruwalla, 2021 0 6046 0 [0; 18] %—
Upadhye, 2018 0 2400 0 [0; 89]*

Karra, 2025 ¢ 751 0 [0; 101] ¢

Bose, 2011 0 207 0 [0; 1044]
Random effects model 0 [0; 2]

Prediction interval [0; 20] |_

Haterogeneity: /° = 20.1%, < < 0.0001, 72 = 6.26 (p = 0.2819) f f T I

0 50 100 150 200
Prevalence of sickle cell disorders (per 100,000)

(c) Sickle cell disease in nonendemic regions
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Study

Vishnoi, 2025
Devi, 2004
Daruwalla, 2021
Upadhye, 2018
Karra, 2025
Bose, 2011

Random effects model
Prediction interval

Heterogeneity: I° = 97.7%, ©* = 0.0021, %2 = 214.09 (o < 0.0001)

Cases Total Prevalence 95% C.L
307 26642 1152 [1023;1279] |
3 7100 42 [ 0; 57]1@
18 6046 208 [162; 440) B
15 2400 625 [363;1003] ==
22 751 2929 [1670; 4111] ——
0 207 0 [ 0;1044]——
580 [115; 1347] —=sibm=—

[ 0;4251] I : I I ‘

0 1000 2000 3000 4000 5000
Prevalence of sickle cell trait (per 100,000)

(d) Sickle cell trait in nonendemic regions

Figure 3. Forest plots for prevalence in endemic and nonendemic regions [13,22-36].

The tribal population had an SCD prevalence of 1482 per 100,000 neonates (8 studies,
23,288 neonates, 95% CI: 280, 2685) and an SCT prevalence of 11,599 per 100,000 neonates
(5 studies, 7714 neonates, 95% CI: 5499, 17,698). The birth prevalence in nontribal regions
was 5 per 100,000 neonates for SCD (8 studies, 17,454 neonates, 95% CI: 0, 114) and 1502
per 100,000 neonates for SCT (8 studies, 17,454 neonates, 95% CI: 412, 3192). The forest
plots are shown in Figure 4.

Study

Surve, 2024
ltalia, 2015
Thaker, 2021
Upadhye, 2018
Mukherjee, 2020
Dixit, 2015
Waghmare, 2019
Jha, 2024

Random effects model
Prediction interval
Heterogeneity: /< =

Study

ltalia, 2015
Upadhye, 2018
Mukherjee, 2020
Dixit, 2015
Waghmare, 2019

Random effects model
Prediction interval

Heterogeneity: /% = 98.8%, * = 0.0046, ,.«4

Cases Total Prevalence

91.5%, * = 0.0003, 42 =

95% C.L

33 6276 506 [347, 705 = |
46 5467 841 [509;1084] W
128 8916 1436 [1189; 1683] &
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Figure 4. Forest plots for prevalence in tribal and nontribal populations [22,23,25-27,29,30,32-36].

The heterogeneity was low for SCD prevalence in nonendemic regions and high for
other outcomes. We did not perform subgroup analysis, meta-regression, sensitivity anal-
ysis, or publication bias assessment due to the inadequate number of studies. We could
not analyze the outcome of cost, as no study reported data on cost.

We extrapolated these data to estimated annual births in India in 2024 (based on a
population estimate of 1.44 billion and a crude birth rate of 16 per 1000 population) [37].
Assuming that the tribal population constitutes 8.6% of the population [4], with a total
fertility rate of 2.5 [38] for the tribal population and 2 for the nontribal population [4],
there were likely 24.2 per 100,000 births in tribals and 206.2 per 100,000 births in the
nontribal population. The number of newly born babies with sickle cell disorders is esti-
mated to be approximately 35,800 in the tribal population and 1030 in nontribal popula-
tions (Table 2).

Table 2. Estimation of sickle-cell disorder burden in tribal and nontribal populations

Step

Calculations

Step 1: Calculation of population shares

Tribal population = 8.6%
Nontribal = 91.4%

Step 2: Total fertility rate assumptions

Tribal TFR =2.5
Nontribal TFR =2.0

Step 3: Calculation of total births in India

Using CBR 16/1000 and population 1.44 billion
Total births = 23.04 million

Step 4: Estimating fertility-weighted population
share

Tribal = 0.086 x 2.5 =0.215
Nontribal = 0.914 x 2.0 = 1.828
Total = 0.215 + 1.828 = 2.043
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Step 5: Estimating births

Tribal births = (0.215/2.043) x 24.12 = 2.42 million
Nontribal births =24.12 — 2.53 = 20.62 million

Step 6: Extrapolating estimates from this system-

Tribal births with sickle cell disorders = 1482 x 24.2 = 35,864
Nontribal births with sickle cell disorders =5 x 206.2 = 1031

atic review

Total births in 2024 with sickle cell disorders = 36,895

4. Discussion

Our systematic review and meta-analysis summarizes the data on the birth preva-
lence of sickle cell disease in India. While endemic regions had a 1100 per 100,000 birth
prevalence of sickle cell disorders and 9640 per 100,000 of sickle cell trait, the prevalence
in nonendemic regions was negligible, with SCD prevalence close to ‘0" and SCT preva-
lence of 580 per 100,000.

The effectiveness of NBS is proven in the history of medicine. Early diagnosis by NBS,
vaccination against pneumococcal and Haemophilus influenzae, penicillin prophylaxis [39],
and early introduction of hydroxyurea help prevent deaths and improve quality of life in
children with SCD. Other benefits include prompt clinical intervention for infection, early
education and awareness of parents about signs and symptoms of illness in early child-
hood, and prenatal diagnosis in subsequent pregnancies [40—-42]. The universal NBS pro-
gram also helps diagnose multiple life-threatening ailments in one go. NBS for sickle cell
disorders was initiated in the USA in the 1960s and started with targeted population
screening, evolving into identifying public health laboratories, conducting multicenter
studies, trials on prophylactic penicillin use, and final recommendation of universal NBS
in 1987. Since 2006, NBS has been universally implemented for common forms of SCD
(HbSS, Hb SC, and Hb S/ thalassemia) in all states of the USA. The screening, reporting,
and referral of other hemoglobinopathies, however, is widely variable across states [43].

The strong effect of NBS on reducing mortality in hemoglobinopathies was demon-
strated in the US, where from 1975 to 1985, 84,663 newborns were screened, irrespective
of ethnicity and background. They identified SCD in 1 in 951 births and significant thalas-
semia syndrome in 1 in 4233 newborns. Significantly, the overall mortality rate when
sickle cell disease was diagnosed in the newborn period was only 1.8%, while it was 8%
when diagnosed beyond 3 months of age [41]. In the USA, with the implementation of
universal NBS for SCD and the initiation of penicillin prophylaxis, mortality has been re-
duced by 50% in affected children aged 1 to 4 years [41]. It was also noticed that overall
life expectancy has increased from a median of 14.3 years to between 42 and 53 years in
males and 46 and 58.5 years in females [41].

Efforts have been scaled up to establish NBSs for SCD in Africa since 2010. Sub-Sa-
haran Africa accounts for 75% of the global prevalence of SCD. There is heterogeneity in
practices: in some countries, sample collection occurs at the primary level and is trans-
ported to tertiary facilities, while in a few other countries, it is integrated into other na-
tional health programs, and in most states, services are available only in tertiary
healthcare. It was observed that factors such as government ownership in the form of pol-
icy formulation and funding, involvement of healthcare stakeholders in policy formula-
tion, acceptability of NBS among stakeholders, and integration of NCD into existing ser-
vices were enablers for implementing NBS. They could also establish follow-up, facilitated
by preexisting SCD clinics, obtain funding from industry partnerships, and create com-
munication channels for tracing patients [44—47]. The barriers observed were lack of pub-
lic awareness, low level of education of mothers, limited supply of diagnostic laboratory
materials, epileptic electricity, lack of trained healthcare workers, low access to screening
facilities, parental denial of positive results in apparently healthy infants, low accessibility
to comprehensive care services, unsuccessful tracking due to wrong contact numbers, and
delay in communication channels [45-49]. With global partnerships such as the
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establishment of a consortium on newborn screening in Africa (CONSA) program with
the American Society of Hematology in 2017, increasing success has been achieved in Af-
rica [50]. For India, lessons learnt from other countries where NBS programs are successful
are paramount to establish its indigenous NBS program.

In India, concerted efforts to identify SCD-affected children in endemic regions have
occurred in the last decade. Over the years, studies have evolved from single-center ter-
tiary hospital-based studies [24,28] to multicentric network creation for screening
[13,33,34]. The feasibility and utility of DBS for NBS of SCD is established well beyond
doubt. Hence, NBS for SCD could be incorporated in states with ongoing NBS programs.
The potential strengths that are identified from included studies in this analysis are (1)
availability and use of HPLC, indirectly showing the availability of machines, consuma-
bles, and manpower for interpretation, (2) availability of clinics providing comprehensive
care in a few endemic regions that can be created as a model to be applied in other regions
[13,25], (3) availability of genetic studies for the diagnosis of hemoglobinopathy [9,31,35],
(4) fair proportion of follow-up of 70% for confirmation of diagnosis [25,28,35], (5) educa-
tion of family members [25,35], (6) use of genetic diagnosis for genetic counseling and
antenatal diagnosis [35], and (7) use of mobile phones for follow-up and education [35].
The barriers that are globally felt are applicable to India as well, namely lack of public
awareness, inconsistent funding, government policy not translating to grassroots changes,
tertiary care-centered programs, and nonavailability in primary or secondary level
healthcare, and poor channels of follow-up.

Early initiation of hydroxyurea (<9 months of age) is proven to be safe and effective
in the reduction of initial and recurrent episodes of pain, dactylitis, acute chest syndrome,
and hospitalization [51]. Less dactylitis, as well as fewer hospitalizations and transfusions,
were observed in asymptomatic infants treated with hydroxyurea. Long-term adherence
to hydroxyurea effectively reduces the number of emergency department (ED) visits per
year, hospital days per year, and the annual average hemoglobin concentration [52]. In
studies included in this meta-analysis, one study reported the use of hydroxyurea [35]. A
systematic review on the use of hydroxyurea in 3817 Indian patients with SCD (27 studies)
showed that HU significantly increased HbF levels (10.9-77.3%), reduced veno-occlusive
crisis frequency by 79-93%, and lowered transfusion needs by 50-85%. However, only
one study analyzed in that review included children under 2 years of age [53]. Although
the recommendation is to start hydroxyurea at 9 months of age, a conservative approach
(initiation beyond 2 years of age) and inconsistency in initiating hydroxyurea were ob-
served in India.

Introduction of point-of-care testing (POCT) is one of the key takeaways from the
African experience. The most common and available POCTs, including HemoTypeSC, use
a qualitative lateral flow immunoassay method to detect the presence of HbA, HbS, and
HbC. This is a monoclonal antibody-based test with high accuracy in detecting HbA, HbS,
and HbC antigens. Other available instruments are Sickle SCAN and HemeChip. The ad-
vantages of POCT are simplicity in performance and interpretation, low cost of device, no
requirement of maintenance, electricity, or refrigeration, and the interpretation of test re-
sults being visual and qualitative. It is an attractive alternative that can be mass-imple-
mented in low-resource countries at low project cost. The application of POCT in NBS has
already been established [54-56]. Two studies included in this meta-analysis utilized
HemoTypeSC and reported sensitivity and specificity of 98.1% and 99.1% for all possible
phenotypes [13,34]. A pilot study looking at the operational feasibility of POCT with train-
ing and utilizing primary-level healthcare workers has shown promise in India [54].

The National Sickle Cell Elimination Program (NSCAEM) launched in 2023 aims to
cover 70 million people in endemic districts and eliminate SCD by 2047 through improved
awareness, early diagnosis, and initiation of prompt preventive care [57]. It is currently
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one of the flagship programs under the National Ministry of Health and Family Welfare.
Although it is not targeted for screening newborn ages, early diagnosis is one of the posi-
tive takeaways. India, with its widely heterogeneous demographic characteristics, should
initiate the NBS program for SCD tier wise. The strategies from other countries that can
be adopted are strong policy advocacy from patient groups, ensuring government fund-
ing for the establishment and sustenance of programs, creating comprehensive care cen-
ters in nodal centers, using international collaborations, and implementing POCT in pe-
ripheral remote regions. The option is to begin with endemic districts with tribal popula-
tions, followed by less endemic districts and less affected states, leading to countrywide
implementation of the model. Sparse data are currently available for cost-effectiveness
newborn screening, genetic counseling, antenatal diagnosis, and POCT. The success of
these programs in the USA and UK with significant reductions in mortality and morbidity
is a great motivation for our country to support the comprehensive sickle cell program
being proposed now [58-60].

Our analysis and previous studies indicate that the burden is high in endemic re-
gions, while it is less studied in nonendemic regions. The strengths of this review are a
comprehensive picture of birth prevalence across India and the inclusion of
tribal/nontribal and endemic/nonendemic populations. However, the study is limited by
heterogeneity in the sampling strategy, inadequate sample size, heterogeneity in inclusion
criteria, and nonuniform operational definitions in the included studies. Data were not
available from many states of the country.

5. Conclusions

The data from this analysis show the burden of SCD in India, mostly from en-
demic/tribal regions. There is an urgent need to quantify the problem in nonen-
demic/nontribal regions of our country. Establishing birth cohorts and providing compre-
hensive healthcare will help us understand the effect of early diagnosis on mortality. Uni-
versal NBS holds the key for early prompt holistic care.
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ED emergency department

GBD Global Burden of Disease

HPLC high-performance liquid chromatography
NAWA Nilgiris Adivasi Welfare Association

NBS newborn screening

NFHS National Family Health Survey

NIRTH National Institute of Research in Tribal Health
NSCAEM National Sickle Cell Elimination Program

PCR polymerase chain reaction

POCT point-of-care testing

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
RFLP restriction fragment length polymorphism

SCD sickle cell disorder

SCT sickle cell trait

SDG Sustainable Development Goal

SEWA Society for Education, Welfare and Action—Rural
Appendix A

Table A1. Search strategy for databases—sickle cell disease in India

Database Search Terms
(((neonate OR newborn OR infant OR birth) AND screen) OR “early diagnosis”)
AND
PubMed (“sickle cell anemia” OR “sickle cell anaemia” OR “sickle cell disease” OR “sickle trait” OR “sickle cell disor-
der” OR sickling OR hemoglobinopathy OR “hemoglobin disorder”)
AND
(India OR Indian)
(((neonate OR newborn OR infant OR birth) AND screen) OR “early diagnosis”)
AND
Embase (“sickle cell anemia” OR “sickle cell anaemia” OR “sickle cell disease” OR “sickle trait” OR “sickle cell disor-
der” OR sickling OR hemoglobinopathy OR “hemoglobin disorder”)
AND
(India OR Indian)
Title-abstract-keyword
(((neonate OR newborn OR infant OR birth) AND screen) OR “early diagnosis”)
AND
Scopus (“sickle cell anemia” OR “sickle cell anaemia” OR “sickle cell disease” OR “sickle trait” OR “sickle cell disor-
der” OR sickling OR hemoglobinopathy OR “hemoglobin disorder”)
AND
(India OR Indian)
((neonate OR newborn OR infant OR neonatal OR birth OR mass) AND (screen OR screening) OR “early diag-
nosis”
AND
Web of Science ((“sickle cell” AND (anemia OR anaemia OR disease OR trait OR disorder)) OR sickling OR hemoglobinopath*
OR haemoglobinopath* OR “hemoglobin disorder” OR “haemoglobin disorder”)
AND
(India OR Indian)
Table A2. List of excluded studies
Authors Title Journal Exclusion Reason
Database Search
First case of Hb Fontainelileau with sickle haemoglobin Journal of clinical pathol-
Upadhye, 2012 and other non-deletional I+ gene variants identified in neo- Case report
nates during newborn screening for sickle cell disorders &Y
Dhingra, 2025 Newborn Screening Implementation: Hurdles, Challenges Int. J. Neonatal Screen. 'Confe.re'nce abstract,
and Way Forward insufficient data
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Menon, 2011 ease for a remote tribal population in Nilgiri hills, South- Am. J. Hematol.

ern India

(not newborns)

Mohanty, 2022

Prevalence of sickle cell anemia, 1>-thalassemia and glu-
cose-6-phosphate dehydrogenase deficiency among the
tribal population residing in the Aravali hills of Sirohi re-
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