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Abstract
Worldwide, comprehensive newborn screening (NBS) now includes a clinical examination at birth, hearing 
screening, pulse oximetry measurement for congenital heart defects, and biochemical screening to identify 
congenital disorders early in life, preventing irreversible damage, early mortality and enhancing overall health 
outcomes. This article provides a comprehensive overview of biochemical NBS in South Africa, outlining the 
history, current status, and future plans for NBS expansion. In South Africa, NBS is fragmented, with some 
investigations included in neonatal health assessments. Historically, biochemical NBS pilot projects in the country 
in the 1960s and 1980s focused on phenylketonuria and congenital hypothyroidism (CH). Despite showing initial 
promise, these programmes were discontinued, largely due to competing health priorities. The current status of 
biochemical NBS in South Africa is discussed, both for the state and private healthcare sectors, which collectively 
screen approximately 0.5% of births annually. While recent clinical guidelines provide for a national biochemical 
NBS programme, implementation has been limited, and guideline adherence remains a challenge. A brief report of a 
two-day meeting held in Cape Town in February 2023 focusing on biochemical NBS for South Africa is provided. 
The meeting addressed the importance of NBS, technology requirements, and the need for a comprehensive 
demonstration project for biochemical CH NBS. Key challenges identified included early newborn post-delivery 
discharge, technical, logistical, and infrastructure issues, as well as limited financial and human resources. Meeting 
recommendations included the establishment of a National Advisory Panel for Biochemical NBS, and the 
development and implementation of a demonstration project for CH biochemical NBS in two provinces.

Keywords: Biochemical newborn screening, congenital hypothyroidism, rare diseases, South Africa

INTRODUCTION
Biochemical newborn screening (NBS) is a series of tests undertaken during the first hours or days of life to 
screen for congenital disorders (CDs). Some CDs, defined as abnormalities in structure or function present 
from birth, are immediately obvious, while others, such as many inborn errors of metabolism (IEM) and 
rare diseases, are not[1,2]. By the time some conditions manifest, ranging from hours, weeks, or months after 
birth, disease progression may already have caused irreversible damage, resulting in lifelong intellectual and 
other disabilities, or premature death[3]. This highlights the importance of early identification and referral 
for treatment in asymptomatic patients before the disease manifests, to arrest disease progression. 
Collectively, CDs contribute substantially to global mortality, especially more common conditions including 
congenital heart defects (CHD) and haemogloinopathies, such as thalassemia and sickle cell disease 
(SCD)[4].

Biochemical NBS began with phenylketonuria (PKU) screening using a bacterial inhibition assay developed 
by Robert Guthrie, to estimate phenylalanine concentration in dried blood spots. The test was first 
introduced in the USA in 1963[5-7] and then extended nationwide[8,9]. Early diagnosis of PKU enables 
immediate adoption of a low phenylalanine diet which minimises the accumulation of phenylalanine and 
prevents seizures, stunted growth, delayed development, and irreversible intellectual disability[10]. The 
development of tests suitable for mass screening of congenital hypothyroidism (CH), congenital adrenal 
hyperplasia (CAH), and cystic fibrosis (CF) followed in the late 1970s[11-13]. With the introduction of tandem 
mass spectrometry (MS) in the 1990s, the number of known biochemical NBS conditions increased 
rapidly[14-16]. Today, biochemical NBS is available for a multitude of treatable conditions including IEMs, 
endocrine-, haemoglobin-, immune-, and other genetic disorders. The United States Recommended 
Uniform Screening Panel [RUSP (https://www.hrsa.gov/advisory-committees/heritable-disorders/rusp)] 
now includes biochemical/genetic screening for a minimum of 35 core and 26 secondary conditions 
(identified unintentionally when screening for core conditions), with similarly expanding panels in other 
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developed countries[17,18]. The definition of NBS has also been broadened to include screening for critical 
(CHD) and hearing loss, in addition to the head-to-toe clinical examination of the newborn prior to 
discharge and biochemical and/or genetic NBS[4,18,19].

Biochemical NBS is now standard practice in most high-income countries (HIC) and some low- and 
middle-income countries (LMIC), supported by compelling evidence of improved health outcomes and 
financial benefits[3,18,20]. In many LMIC, including South Africa (SA), biochemical NBS is limited or 
unavailable. The United Nations Sustainable Development Goal (SDG) 3 targets for 2030 seek to reduce 
neonatal- and under-5 mortality to fewer than 12 and 25 deaths per 1,000 live births, respectively[21]. To 
meet these targets, all countries must consider addressing CDs comprehensively, which includes universal 
biochemical NBS.

The aim of this article is to provide a comprehensive overview of the history, current status and plans 
underway for expanding biochemical NBS implementation in SA. This includes a brief report of a two-day 
meeting on NBS for SA, which was held in Cape Town in February 2023.

OVERVIEW OF SOUTH AFRICA
Situated at the southern point of Africa, SA is classified as an upper middle-income country. The population 
of 60.6 million is spread across nine provinces, covering a geographic area of 1.2 million km2[22]. 
Approximately 68% of the population is urbanized, with 25% living in the province of Gauteng and 19% in 
KwaZulu Natal (KZN)[22]. Around a million live births are recorded annually, and in 2021, 17.5% of births 
were to mothers aged ≥ 35 and 11.5% to mothers aged 10-19 years[23]. Neonatal (NMR), infant (IMR), and 
under-5 mortality rates (U5MR) were 12, 21, and 28 per 1,000 live births, respectively, in 2020[24]. The South 
African fertility rate is 2.34 births per woman, with life expectancy at birth of 64.2 years for females and 59.2 
for males[22,23]. The country has been severely impacted by HIV/AIDS, with an estimated 13.9% of the 
population (8.45 million) living with HIV (2022), and the largest number of people enrolled in antiretroviral 
treatment (ART) globally. High AIDS-related mortality combined with the effective HIV Prevention of 
Mother to Child Transmission (PMTCT) programme[25] has resulted in a younger population demographic, 
with 20% (17 million) of the population aged ≤ 15 years and only 9% (6 million) aged ≥ 60[22].

The dual health system implemented in SA is one of the most disproportional globally, with 84% of the 
population reliant on state services and 16% on private medical services, with the latter consuming a 
majority share of available healthcare resources[26]. The establishment of the National Health Insurance, a 
funding mechanism for universal health coverage to redress inequalities, has been hampered by a lack of 
resources and, most recently, by the COVID-19 pandemic which diverted funding and human capacity to 
the pandemic emergency response[27-33].

Community genetic services in SA have been neglected in the last 20-30 years due to competing health 
priorities[27,34-36]. Inadequate financial and human resources and ineffective use of available infrastructure 
prevent an appropriate response to the growing health need of CDs, as the country transitions 
epidemiologically[34]. While significant reductions in child mortality have been achieved through targeted 
health interventions (e.g., PMTCT for HIV, expanded programme of immunisation, improved maternity 
care, etc.), improvements to the IMR and U5MR have slowed since 2011[37], highlighting the need to address 
other health issues[34,38,39]. In SA, as seen globally, the number and rate of CDs are estimated to be decreasing, 
but the proportion of CD-related deaths is increasing[40]. To achieve further reductions in child mortality, 
CDs must be prioritised, including the implementation of cost-effective, universally available biochemical 
NBS[41,42].
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NEWBORN SCREENING IN SOUTH AFRICA
History of biochemical NBS in SA
Biochemical NBS for PKU was investigated in SA in the mid-1960s through a state-funded pilot project 
using phenistix testing in Johannesburg (1964-1967), followed by a more comprehensive pilot from 
1979-1981 and a formal programme from 1981-1986 in Pretoria[43]. However, in 1986, the biochemical NBS 
programme for PKU and other amino acidopathies was discontinued as it was deemed “neither cost-
effective nor justifiable, especially against the background of other, more pressing health priorities”[43-46].

A case was made for biochemical NBS of CH in SA in the late 1970s following the global application of 
radio-immunoassay to assess thyroid function[47]. This condition is a prime candidate for biochemical NBS 
in SA due to its high birth prevalence (1 in 4,000 or 0.25 per 1,000 live births), the availability of screening 
and follow-up diagnostic tests with standard, low-cost (in comparison with many other IEMs) 
levothyroxine treatment to prevent disease progression[23,48]. Clinical onset ranges from days, weeks to 
months after birth, depending on the cause and extent of thyroid dysfunction, by which time intellectual 
deficits are irreversible regardless of subsequent thyroid replacement therapy[49]. Diagnosis of CH may also 
be significantly delayed depending on clinical awareness and experience.

Several biochemical NBS pilot studies for CH were implemented in Pretoria from 1979-1981 (13,146 
newborns screened, 2 cases diagnosed clinically) and from 1981-1986 (45,577 newborns screened, 11 
diagnosed)[47-49]. A Cape Town pilot project from 1982-1984 screened 28,000 neonates with 6 positive cases 
confirmed[48,50]. These pilots indicated that NBS for CH was cost-effective and a “nation-wide unified 
screening programme” was recommended[48]. However, without guaranteed adequate follow-up and 
intervention for positive cases, caution was advised, and further investigation was suggested to ensure cost-
effectiveness[46].

The first national workshop on CH was held in Cape Town in 1987, with a subsequent meeting in 
Johannesburg in 1992[46], where CH biochemical NBS data for 1990-1992 from four locations (Cape Town, 
Durban, Johannesburg, and Pretoria) were presented. A total of 65,545 neonates (3.56% of total births) were 
screened, with 12 confirmed CH cases[46].

As indicated earlier, global advancements improved the sensitivity, reliability, and coverage of biochemical 
NBS through tandem MS in the 2000s, leading to an increase in the number of treatable genetic conditions 
that could be screened simultaneously[51]. However, in SA, biochemical NBS remained limited. From 
1999-2006, a pilot study funded by the International Atomic Energy Agency (IAEA) screened 42,000 
newborns for CH and 13,000 for other IEMs across 12 hospitals in three provinces using tandem MS at 
North-West University (NWU) in Potchefstroom[52]. Results from this pilot study and subsequent testing 
indicated that CH, biotinidase deficiency, propionic acidaemia, and galactosemia [due to galactose-1-
phosphate uridyl transferase (GALT) deficiency] are most commonly encountered with biochemical NBS. 
Unfortunately, this pilot study did not result in a national biochemical NBS programme[53], but expertise 
and services at NWU were preserved by offering biochemical NBS to the private healthcare sector on a “fee 
for service” basis. Since 2016, a major medical aid scheme in SA has begun to reimburse biochemical NBS 
costs, albeit from members’ medical savings accounts. Several other schemes have followed suit. In the 
period between January 1998 and September 2023, a total of 125,888 samples (0.5% of all births in SA) were 
screened by NWU for 22 conditions, with 80 diagnoses in total, including 16 CH cases [Table 1].

An audit of the CH biochemical NBS programme implemented by the Peninsula Maternal and Neonatal 
Service (PMNS) [The PMNS included: Groote Schuur Hospital (GSH), Mowbray Maternity Hospital 
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Table 1. Summary of biochemical NBS results, Centre for Metabolomics, North-West University, January 1998-September 2023. All 125,888 samples (equivalent to 0.5% of births in South 
Africa) were screened using a panel of 22 conditions

year Project Total samples Total positive PA MMA IVA GAI BIOT PKU GALT CH CAH CF 3-MCC TYRI TFP/LCHAD CUD OTC MADD/GAII

RUSP core conditions Secondary conditions

1998 Government 445 0

1999 Government 4,903 0

2000 Government 8,410 1 1

2001 Government 10,674 1 1

2002 Government 8,886 0

2003 Government 11,399 1 1

2004 Government 12,665 1 1

2005 Government 11,933 0

2006 Government 3,121 0

2007 Private 106 0

2008 Private 1,325 0

2009 Private 1,163 3 1 2 

2010 Private 871 3 1 1 1

2011 Private 811 0

2012 Private 951 5 1 1 1 1 1

2013 Private 1,770 1 1

2014 Private 2,897 9 1 1 + 1* 1 1 3 1

2015 Private 3,442 6 1 1 1 2 1

2016 Private 4,245 1 1

2017 Private 5,486 1 1

2018 Private 5,596 8 4 2 1 1

2019 Private 5,567 5 3 1 1

2020 Private 5,346 11 3 1 3 1 1 1 1

2021 Private 5,362 13 2 + 3* 1 2 1 1 2 1

2022 Private 4,702 5 1 2 1 1

2023 Private 3,812 5 3 1 1

Total 125,888 80 10 2 3 2 14 3 10 16 4 6 2 1 1 2 3 1

*Indicates cases unconfirmed via further review following initial positive screening. PA: Propionic acidaemia; MMA: methylmalonic acidaemia; IVA: isovaleric acidaemia; GAI: glutaric acidaemia type I; BIOT: 
biotinidase deficiency; PKU: phenylketonuria; GALT: galactosaemia due to GALT deficiency; CH: (primary) congenital hypothyroidism; CAH: congenital adrenal hyperplasia; CF: cystic fibrosis; 3-MCC: 3-
methylcrotonyl-CoA carboxylase deficiency;   TYRI: tyrosinemia type I;   TFP/LCHAD: trifunctional  protein deficiency/long-chain hydroxyacyl-CoA dehydrogenase deficiency;   CUD: carnitine uptake disorder;  OTC: 
ornithine transcarbamylase deficiency; MADD/GAII: multiple acyl-CoA dehydrogenase deficiency/glutaric acidaemia type 2. A RUSP “secondary condition” is identified unintentionally when screening for one of the 
core conditions; or as a consequence of confirmatory testing for an out-of-range result of a core condition.
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(MMH), New Somerset Hospital (NSH) and six MOUs. The PMNS was initiated in 1987 and has 
subsequently been disbanded and subdivided into three regions] in Cape Town was undertaken for the 
period January 2000-December 2004[54]. Of the 140,507 neonates screened using cord blood, 13 CH cases 
were confirmed, at an average review age of 62 days. A crude costing indicated a cost of ZAR22 per CH 
screening or ZAR221,552.96 per detected case (equivalent to US$3.89 and US$39,213 in 2004 using historic 
ZAR:US$ exchange rates), but the study did not include comparable associated lifetime cost of care for 
undetected cases[54]

Current status of NBS in South Africa
NBS is considered a component of community genetic services in SA, as indicated in the 2021 Clinical 
Guidelines for Genetic Services published by the National Department of Health (NDOH)[55]. These 
Guidelines provide for NBS, specifying that “All newborns must have a postnatal examination (three to six 
days postnatal) to identify CDs missed at birth or discharge”[55]. It lists considerations, including hearing and 
vision assessments, checking of oxygen saturations within 24 h of birth, growth and development, and 
potential false positive/negative assessment at birth. Biochemical NBS is included as a “progression” of 
broader NBS, important for all newborns when it prevents significant, irreversible morbidity and/or 
mortality. Neonates screening positive should be referred for diagnostic confirmation, genetic counselling, 
and management. The Clinical Guidelines also recommend further studies to determine which conditions 
should be included in the biochemical NBS programme and indicate that an initial minimum panel should 
include CH, CAH, CF, galactosaemia (due to GALT deficiency), glutaric aciduria type 1, and propionic 
acidaemia[55].

While the current guidelines provide for biochemical NBS, the implementation thereof and adherence to 
previous guidelines have been limited, and to date, no progress reports have been issued[56-61].

NBS in the private sector
In the private health sector of SA[26], biochemical NBS is led by NWU, implementing a panel of 22 
conditions and providing services to private laboratories countrywide. Samples are taken via a minimally 
invasive heel prick of the newborn between 1 and 7 days after birth/before discharge. Next Biosciences, a 
private laboratory in SA, assists with the follow-up of abnormal screening results, including patient support 
and counselling, timely and relevant secondary testing, and precise sampling.

The recent establishment of the CHM Biobank for rare diseases at NWU will further underpin biochemical 
NBS efforts, providing a legal framework and infrastructure for the long-term storage of samples and an 
accompanying registry for secure data storage[62,63]. A patient-initiated rare disease registry is under 
development by Rare Diseases South Africa (RDSA), a patient-based advocacy Non-Profit Organisation, in 
collaboration with the NWU Biobank.

NBS in the state sector
In the state sector, biochemical NBS for CH is available using cord blood at birth at a number of facilities in 
the Western Cape (formerly the PMNS), screening an estimated 38,000 or 3.8% of total births annually 
(H. Vreede, Personal Communication)[54]. While this project was initially facilitated via the Red Cross War 
Memorial Children’s Hospital, the National Health Laboratory Service (NHLS) is now supporting this 
project in the interim, while long-term continuity and expansion of the project are considered.

NBS for South Africa meeting, Cape Town, February 2023
Following the previous biochemical NBS meetings held in SA in 1987 and 1992[46,48], momentum was lost 
during subsequent decades due to the necessary response required for other healthcare priorities, most 
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notably HIV/AIDS. In mid-2022, a group of key South African stakeholders involved in, or enthusiastic 
about expanding biochemical NBS, voiced the need for renewed national commitment and an appropriate 
plan for the future. Led by RDSA, together with key individuals from NWU, the University of Cape Town 
(UCT), NHLS, and several global organisations, a meeting was held from 21-22 February 2023 in Cape 
Town. The two-day meeting was collectively funded by the joint NBS Task Force of the International 
Federation of Clinical Chemistry and Laboratory Medicine (IFCC), the International Society for Newborn 
Screening (ISNS), the South African Inherited Metabolic Disorders Group (SAIMDG), and industry 
partners PerkinElmer and Labsystems Diagnostics Oy.

Day 1 was attended by 97 participants (45 in-person, 52 virtually) including clinicians, nurses, medical 
scientists, academic researchers, government officials/policy makers, patient advocacy groups, and 
international experts. A series of presentations ensured a common understanding of the benefits of 
biochemical NBS, its current status, lessons learned from other LMIC (Nigeria and Philippines), testing 
capacity, technology and infrastructure requirements, and potential costs and health outcomes of 
biochemical NBS.

Day 2 was a closed meeting for key national and provincial policy makers to plan a way forward for 
biochemical NBS in SA. Key issues discussed included: biochemical NBS as a component of comprehensive 
NBS; the importance of initiating biochemical NBS simply and building on existing programmes to 
minimise costs and promote “home-grown” sustainability; learning from experiences of other health 
programmes, such as PMTCT[64], and ensuring integration of the biochemical NBS pathway, which starts 
and ends with the patient, including treatment management for identified individuals.

Identified challenges to biochemical NBS in SA include: early discharge of newborns post-delivery (from 6 
hours after birth); technical challenges in optimal sample collection and methodology (cord blood versus 
heel prick, appropriate cut-off levels, etc.); high rates of patients lost to follow-up; lack of accountability at 
all levels of current practice; inadequate resources allocated (human and financial), and poor logistics for 
the biochemical NBS pathway, including communicating test results and accessibility of genetic counselling 
for patients.

Recommendations from the two-day meeting included:

1. The establishment of a National Advisory Panel for biochemical NBS in SA.

2. Development, funding, and implementation of a comprehensive demonstration project for biochemical 
CH NBS in two provinces in SA (Limpopo and Western Cape Provinces), including all relevant 
components of the CH biochemical NBS pathway and an assessment of all expenses. This will be preceded 
by a preliminary feasibility study in the two provinces to gather relevant data for the demonstration 
project[65,66].

3. Present project results to NDOH with a proposed action plan for progressive implementation of CH 
biochemical NBS in SA.

4. In the interim, provincial health services are encouraged to fully implement NBS recommendations for 
hearing/visual assessments, critical CHD screening, and a comprehensive physical examination prior to 
discharge post-delivery[55].
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To date, the meeting report (available from www.rarediseases.co.za) has been distributed to all sponsors and 
participants and written support from NDOH has been obtained for the biochemical CH NBS 
demonstration project. Funding is being sought to enable preliminary feasibility work on the provincial 
demonstration projects in 2024.

CONCLUSION
It has been over 50 years since biochemical NBS was first considered in SA, with little progress achieved to 
date, leaving the country far from a universal biochemical NBS programme. The country has a 
responsibility to fully investigate expanding services for biochemical NBS, starting with CH. For the 
estimated 250 babies born annually with CH in SA, amounting to 12,500 over the last 50 years - the lack of 
early detection and treatment has resulted in them living with preventable, life-long intellectual disability 
and other health issues. These patients require full-time care and special education, rendering them unable 
to actively participate in society. This results in considerable personal and economic burdens.

South Africa is at the point where the value of biochemical NBS needs to be fully and urgently considered to 
further reduce the burden of childhood mortality and morbidity. Globally, biochemical NBS is considered 
to “increase in importance” as the IMR drops < 20 per 1,000 live births and needs to be “in place for it to 
drop to < 10 per 1,000”[18]. Without biochemical NBS, babies affected by CH, IEMs, and other rare diseases 
and CDs will be left behind, dying prematurely or facing a lifetime of disability. It remains an imperative 
that biochemical NBS is fully investigated in SA, both within the context of the SDGs and beyond.

DECLARATIONS
Acknowledgements
Thanks to Makua M, Women’s, Maternal and Reproductive Health, National Department of Health; van 
der Westhuizen N, Medicine Management, Laboratory and Blood Services Support, Western Cape 
Government Health, and Wellness; and Dlamini-Nqeketo S, World Health Organization South Africa, for 
all contributions during the NBS for South Africa meeting in Cape Town in February 2023.

Author contributions
Conceptualized article and drafted the initial text: Malherbe HL
Provided data: Klopper B, Vorster BC
Feedback and substantial contribution to concept, draft and confirmation of final version: Malherbe HL, 
Bonham J, Carrihill M, Chetty K, Conradie EH, Dercksen M, Goeiman H, Gomes MCM, Klopper B, 
McKerrow N, Padilla C, Pillay TS, Roussot B, Satekge TM, Urban M, van der Watt G, Vreede H, Webster 
D, Zampoli M, Vorster B

Availability of data and materials
Data included in the article were provided by the Centre for Human Metabolomics, North-West University, 
South Africa.

Financial support and sponsorship
Thanks to the Joint Newborn Screening Task Force of the International Federation of Clinical Chemistry 
and Laboratory Medicine (IFCC) and the International Society for Newborn Screening (ISNS), South 
African Inherited Metabolic Disorders Group (SAIMDG) and industry partners PerkinElmer and 
Labsystems Diagnostics Oy for funding support of the NBS for South Africa held in February 2023. This 
funding support was solely for the meeting logistical expenses and did not impact the results of the study.

http://www.rarediseases.co.za


Page 9 of Malherbe et al. Rare Dis Orphan Drugs J 2024;3:7 https://dx.doi.org/10.20517/rdodj.2023.49 11

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2024.

REFERENCES
World Health Organization. Management of birth defects and haemoglobin disorders. Report of a joint who-march of dimes meeting. 
Geneva, Switzerland, 17-19 May 2006. Available from: https://iris.who.int/bitstream/handle/10665/43587/9789241594929_eng.
pdf?sequence=1 [Last accessed on 27 Feb 2024].

1.     

Malherbe HL, Modell B, Blencowe H, Strong KL, Aldous C. A review of key terminology and definitions used for birth defects 
globally. J Community Genet 2023;14:241-62.  DOI  PubMed  PMC

2.     

El-Hattab AW, Almannai M, Sutton VR. Newborn screening: history, current status, and future directions. Pediatr Clin N Am 
2018;65:389-405.  DOI

3.     

Howson CP, Cedergren B, Giugliani R, et al. Universal newborn screening: a roadmap for action. Mol Genet Metab 2018;124:177-83.  
DOI

4.     

Maccready RA, Hussey MG. Newborn phenylketonuria detection program in massachusetts. Am J Public Health Nations Health 
1964;54:2075-81.  DOI  PubMed  PMC

5.     

Levy HL. Robert guthrie and the trials and tribulations of newborn screening. Int J Neonatal Screen 2021;7:5.  DOI  PubMed  PMC6.     
Caggana M, Jones EA, Shahied SI, Tanksley S, Hermerath CA, Lubin IM. Newborn screening: from guthrie to whole genome 
sequencing. Public Health Rep 2013;128:14-9.  DOI  PubMed  PMC

7.     

Guthrie R, Susi A. A simple phenylalanine method for detecting phenylketonuria in large populations of newborn infants. Pediatrics 
1963;32:338-43.  DOI  PubMed

8.     

Parker SP, Cubitt WD. The use of the dried blood spot sample in epidemiological studies. J Clin Pathol 1999;52:633-9.  DOI  PubMed  
PMC

9.     

Population screening by guthrie test for phenylketonuria in South-East Scotland. Report by the consultant paediatricians and medical 
officers of health of the S.E. Scotland hospital region. Br Med J 1968;1:674-6.  DOI  PubMed  PMC

10.     

Dussault JH, Coulombe P, Laberge C, Letarte J, Guyda H, Khoury K. Preliminary report on a mass screening program for neonatal 
hypothyroidism. J Pediatr 1975;86:670-4.  DOI  PubMed

11.     

Pang S, Hotchkiss J, Drash AL, Levine LS, New MI. Microfilter paper method for 17α-hydroxyprogesterone radioimmunoassay: its 
application for rapid screening for congenital adrenal hyperplasia. J Clin Endocrinol Metab 1977;45:1003-8.  DOI

12.     

Crossley JR, Elliott RB, Smith PA. Dried-blood spot screening for cystic fibrosis in the newborn. Lancet 1979;1:472-4.  DOI  PubMed13.     
Chace DH, Millington DS, Terada N, Kahler SG, Roe CR, Hofman LF. Rapid diagnosis of phenylketonuria by quantitative analysis 
for phenylalanine and tyrosine in neonatal blood spots by tandem mass spectrometry. Clin Chem 1993;39:66-71.  DOI

14.     

Rashed MS, Ozand PT, Bucknall MP, Little D. Diagnosis of inborn errors of metabolism from blood spots by acylcarnitines and amino 
acids profiling using automated electrospray tandem mass spectrometry. Pediatr Res 1995;38:324-31.  DOI  PubMed

15.     

Millington DS, Kodo N, Norwood DL, Roe CR. Tandem mass spectrometry: a new method for acylcarnitine profiling with potential 
for neonatal screening for inborn errors of metabolism. J Inherit Metab Dis 1990;13:321-4.  DOI  PubMed

16.     

Ellinwood NM. Newborn screening and the recommended uniform screening panel: optimal submissions and suggested improvements 
based on an advocacy organization’s decade-long experience. Am J Med Genet C Semin Med Genet 2022;190:156-61.  DOI

17.     

Therrell BL, Padilla CD, Loeber JG, et al. Current status of newborn screening worldwide: 2015. Semin Perinatol 2015;39:171-87.  
DOI

18.     

Advisory Committee on Heritable Disorders in Newborns and Children. Recommended uniform screening panel. 2018. Available 
from: https://www.hrsa.gov/advisory-committees/heritable-disorders/rusp [Last accessed on 27 Feb 2024].

19.     

Padilla CD, de la Paz EM. Genetic services and testing in the Philippines. J Community Genet 2013;4:399-411.  DOI  PubMed  PMC20.     
Sustainable Development Goal. Goal 3: ensure healthy lives and promote wellbeing for all and at all ages. Available from: http://www.
un.org/sustainabledevelopment/health/ [Last accessed on 27 Feb 2024].

21.     

Stats Sa. Statistical release P0302. Mid-year population estimates 2022. Available from: http://www.statssa.gov.za/publications/P0302/
P03022022.pdf [Last accessed on 27 Feb 2024].

22.     

Stats Sa. Statistical release P0305. Recorded live births 2021. Available from: http://www.statssa.gov.za/publications/P0305/23.     

https://iris.who.int/bitstream/handle/10665/43587/9789241594929_eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/43587/9789241594929_eng.pdf?sequence=1
https://dx.doi.org/10.1007/s12687-023-00642-2
http://www.ncbi.nlm.nih.gov/pubmed/37093545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10272040
https://dx.doi.org/10.1016/j.pcl.2017.11.013
https://dx.doi.org/10.1016/j.ymgme.2018.04.009
https://dx.doi.org/10.2105/ajph.54.12.2075
http://www.ncbi.nlm.nih.gov/pubmed/14240515
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1255124
https://dx.doi.org/10.3390/ijns7010005
http://www.ncbi.nlm.nih.gov/pubmed/33478143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7838808
https://dx.doi.org/10.1177/00333549131280s204
http://www.ncbi.nlm.nih.gov/pubmed/23997299
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3730001
https://dx.doi.org/10.1542/peds.32.3.338
http://www.ncbi.nlm.nih.gov/pubmed/14063511
https://dx.doi.org/10.1136/jcp.52.9.633
http://www.ncbi.nlm.nih.gov/pubmed/10655983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC501537
https://dx.doi.org/10.1136/bmj.1.5593.674
http://www.ncbi.nlm.nih.gov/pubmed/5640647
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1985372
https://dx.doi.org/10.1016/s0022-3476(75)80349-0
http://www.ncbi.nlm.nih.gov/pubmed/1133648
https://dx.doi.org/10.1210/jcem-45-5-1003
https://dx.doi.org/10.1016/s0140-6736(79)90825-0
http://www.ncbi.nlm.nih.gov/pubmed/85057
https://dx.doi.org/10.1093/clinchem/39.1.66
https://dx.doi.org/10.1203/00006450-199509000-00009
http://www.ncbi.nlm.nih.gov/pubmed/7494654
https://dx.doi.org/10.1007/bf01799385
http://www.ncbi.nlm.nih.gov/pubmed/2122093
https://dx.doi.org/10.1002/ajmg.c.32001
https://dx.doi.org/10.1053/j.semperi.2015.03.002
https://www.hrsa.gov/advisory-committees/heritable-disorders/rusp
https://dx.doi.org/10.1007/s12687-012-0102-4
http://www.ncbi.nlm.nih.gov/pubmed/22820972
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3739853
http://www.un.org/sustainabledevelopment/health/
http://www.un.org/sustainabledevelopment/health/
http://www.statssa.gov.za/publications/P0302/P03022022.pdf
http://www.statssa.gov.za/publications/P0302/P03022022.pdf
http://www.statssa.gov.za/publications/P0305/P03052021.pdf


Page 10 of Malherbe et al. Rare Dis Orphan Drugs J 2024;3:7 https://dx.doi.org/10.20517/rdodj.2023.4911

P03052021.pdf [Last accessed on 27 Feb 2024].
Dorrington R, Bradshaw D, Laubscher R, Nannan N. Rapid mortality surveillance report 2019 & 2020. Cape Town: South African 
Medical Research Council. 2021. Available from: https://www.samrc.ac.za/sites/default/files/attachments/2022-08/Rapid%
20Mortality%20Surveillance%20Report%202019%262020.pdf [Last accessed on 27 Feb 2024].

24.     

Wessels J, Sherman G, Bamford L, et al. The updated South African national guideline for the prevention of mother to child 
transmission of communicable infections (2019). South Afr J HIV Med 2020;21:1079.  DOI  PubMed  PMC

25.     

Stats Sa. Statistical release P0318. General household survey 2022. Available from: https://www.statssa.gov.za/publications/P0318/
P03182022.pdf [Last accessed on 27 Feb 2024].

26.     

Pillay Y, Pienaar S, Barron P, Zondi T. Impact of COVID-19 on routine primary healthcare services in South Africa. S Afr Med J 
2021;111:714-9.  DOI  PubMed

27.     

Chuene TA, Kgarose MF. The readiness of public hospitals on the implementation of national health insurance in South Africa: a 
systematic review. Int J Soc Sci Res Rev 2023;6:153-66.  DOI

28.     

Pauw TL. Catching up with the constitution: an analysis of national health insurance in South Africa post-apartheid. Dev South Afr 
2022;39:921-34.  DOI

29.     

Mukwena NV, Manyisa ZM. Factors influencing the preparedness for the implementation of the national health insurance scheme at a 
selected hospital in Gauteng province, South Africa. BMC Health Serv Res 2022;22:1006.  DOI  PubMed  PMC

30.     

Murphy SD, Moosa S. The views of public service managers on the implementation of national health insurance in primary care: a 
case of Johannesburg health district, gauteng province, republic of South Africa. BMC Health Serv Res 2021;21:969.  DOI  PubMed  
PMC

31.     

Michel J, Tediosi F, Egger M, et al. Universal health coverage financing in South Africa: wishes vs reality. J Glob Health Rep 
2020;4:e2020061.  DOI

32.     

National health insurance. Healthcare for all South Africans. Understanding national health insurance. Available from: https://www.
hst.org.za/publications/NonHST%20Publications/Booklet%20-%20Understanding%20National%20Health%20Insurance.pdf [Last 
accessed on 27 Feb 2024].

33.     

Malherbe HL, Christianson AL, Aldous C. Need for services for the care and prevention of congenital disorders in South Africa as the 
country’s epidemiological transition evolves. S Afr Med J 2015;105:186-8.  DOI  PubMed

34.     

Arnold C, Laura G, Hilary H, et al. Genetic testing in emerging economies (GenTEE). Summary report. Ispra, Italy: Publications
Office of the European Union. 2013. Available from: https://op.europa.eu/en/publication-detail/-/publication/12497195-cbaf-4af1-
b22f-8057e5b9b411 [Last accessed on 27 Feb 2024].

35.     

Malherbe HL, Christianson AL, Woods D, Aldous C. The case for the genetic nurse in South Africa. J Community Genet 2017;8:65-
73.  DOI  PubMed  PMC

36.     

Dorrington R, Bradshaw D, Laubscher R, Nannan N. Rapid mortality surveillance report 2018. Available from: https://www.samrc.ac.
za/sites/default/files/attachments/2022-08/RapidMortalitySurveillanceReport2018.pdf [Last accessed on 27 Feb 2024].

37.     

Malherbe HL, Aldous C, Woods D, Christianson A. The contribution of congenital disorders to child mortality in South Africa. 
Durban: Health Systems Trust. 2016; pp. 137-52. Available from: https://www.hst.org.za/publications/South%20African%20Health%
20Reviews/12%20The%20contribution%20of%20congenital%20disorders%20to%20child%20mortality%20in%20South%20Africa.
pdf [Last accessed on 27 Feb 2024].

38.     

Kerber KJ, Lawn JE, Johnson LF, et al. South African child deaths 1990-2011: have HIV services reversed the trend enough to meet 
millennium development goal 4? AIDS 2013;27:2637-48.  DOI

39.     

Perin J, Mai CT, De Costa A, et al. Systematic estimates of the global, regional and national under-5 mortality burden attributable to 
birth defects in 2000-2019: a summary of findings from the 2020 WHO estimates. BMJ Open 2023;13:e067033.  DOI  PubMed  PMC

40.     

41.     Christianson A. Community genetics in South Africa. Community Genet 2001;3:128-30.  DOI
Modell B, Kuliev A. The history of community genetics: the contribution of the haemoglobin disorders. Community Genet 1998;1:3-
11.  DOI  PubMed

42.     

Hitzeroth HW, Niehaus CE, Brill DC. Phenylketonuria in South Africa. A report on the status quo. S Afr Med J 1995;85:33-6.  
PubMed

43.     

Jenkins T. Medical genetics in South Africa. J Med Genet 1990;27:760-79.  DOI  PubMed  PMC44.     
Henderson HE, Goodman R, Schram J, Diamond E, Daneel A. Biochemical screening for inherited metabolic disorders in the mentally 
retarded. S Afr Med J 1981;60:731-3.  PubMed

45.     

Hitzeroth H. Screening for congenital hypothyroidism in South Africa. Report on a national workshop (1992). S Afr Med J 
1994;84:106-8. Available from: http://archive.samj.org.za/1994%20VOL%2084%20Jan-Dec/Articles/02%20February/1.17%
20SCREENING%20FOR%20CONGENITAL%20HYPOTHYROIDISM%20IN%20SOUTH%20AFRICA%20-%20REPORT%
20ON%20A%20NATIONAL%20WORKSHOP%201992.pdf [Last accessed on 29 Feb 2024]

46.     

Bernstein RE. Neonatal screening for congenital hypothyroidism. S Afr Med J 1979;56:1020-1.  PubMed47.     
Bernstein RE, Op’t Hof J, Hitzeroth HW. Neonatal screening for congenital hypothyroidism. A decade's review, including South 
Africa. S Afr Med J 1988;73:339-43.  PubMed

48.     

Bernstein RE. Congenital hypothyroidism. Clinicopathological aspects and biochemical screening. S Afr Med J 1981;59:710-4.  
PubMed

49.     

Philotheou A, Bonnici F. Outcome for congenital hypothyroidism and early results of neonatal screening. In Paper presented at the 50.     

http://www.statssa.gov.za/publications/P0305/P03052021.pdf
https://www.samrc.ac.za/sites/default/files/attachments/2022-08/Rapid%20Mortality%20Surveillance%20Report%202019%262020.pdf
https://www.samrc.ac.za/sites/default/files/attachments/2022-08/Rapid%20Mortality%20Surveillance%20Report%202019%262020.pdf
https://dx.doi.org/10.4102/sajhivmed.v21i1.1079
http://www.ncbi.nlm.nih.gov/pubmed/32832113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7433286
https://www.statssa.gov.za/publications/P0318/P03182022.pdf
https://www.statssa.gov.za/publications/P0318/P03182022.pdf
https://dx.doi.org/10.7196/samj.2021.v111i8.15786
http://www.ncbi.nlm.nih.gov/pubmed/35227349
https://dx.doi.org/10.47814/ijssrr.v6i8.1477
https://dx.doi.org/10.1080/0376835x.2021.1945911
https://dx.doi.org/10.1186/s12913-022-08367-7
http://www.ncbi.nlm.nih.gov/pubmed/35933346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9357321
https://dx.doi.org/10.1186/s12913-021-06990-4
http://www.ncbi.nlm.nih.gov/pubmed/34521399
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8439954
https://dx.doi.org/10.29392/001c.13509
https://www.hst.org.za/publications/NonHST%20Publications/Booklet%20-%20Understanding%20National%20Health%20Insurance.pdf
https://www.hst.org.za/publications/NonHST%20Publications/Booklet%20-%20Understanding%20National%20Health%20Insurance.pdf
https://dx.doi.org/10.7196/samj.9136
http://www.ncbi.nlm.nih.gov/pubmed/26294823
https://op.europa.eu/en/publication-detail/-/publication/12497195-cbaf-4af1-b22f-8057e5b9b411
https://op.europa.eu/en/publication-detail/-/publication/12497195-cbaf-4af1-b22f-8057e5b9b411
https://dx.doi.org/10.1007/s12687-017-0301-0
http://www.ncbi.nlm.nih.gov/pubmed/28382415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5386919
https://www.samrc.ac.za/sites/default/files/attachments/2022-08/RapidMortalitySurveillanceReport2018.pdf
https://www.samrc.ac.za/sites/default/files/attachments/2022-08/RapidMortalitySurveillanceReport2018.pdf
https://www.hst.org.za/publications/South%20African%20Health%20Reviews/12%20The%20contribution%20of%20congenital%20disorders%20to%20child%20mortality%20in%20South%20Africa.pdf
https://www.hst.org.za/publications/South%20African%20Health%20Reviews/12%20The%20contribution%20of%20congenital%20disorders%20to%20child%20mortality%20in%20South%20Africa.pdf
https://www.hst.org.za/publications/South%20African%20Health%20Reviews/12%20The%20contribution%20of%20congenital%20disorders%20to%20child%20mortality%20in%20South%20Africa.pdf
https://dx.doi.org/10.1097/01.aids.0000432987.53271.40
https://dx.doi.org/10.1136/bmjopen-2022-067033
http://www.ncbi.nlm.nih.gov/pubmed/36717144
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9887698
https://dx.doi.org/10.1159/000051122
https://dx.doi.org/10.1159/000016129
http://www.ncbi.nlm.nih.gov/pubmed/15178981
http://www.ncbi.nlm.nih.gov/pubmed/7784915
https://dx.doi.org/10.1136/jmg.27.12.760
http://www.ncbi.nlm.nih.gov/pubmed/2074562
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1017281
http://www.ncbi.nlm.nih.gov/pubmed/6795726
http://archive.samj.org.za/1994%20VOL%2084%20Jan-Dec/Articles/02%20February/1.17%20SCREENING%20FOR%20CONGENITAL%20HYPOTHYROIDISM%20IN%20SOUTH%20AFRICA%20-%20REPORT%20ON%20A%20NATIONAL%20WORKSHOP%201992.pdf
http://archive.samj.org.za/1994%20VOL%2084%20Jan-Dec/Articles/02%20February/1.17%20SCREENING%20FOR%20CONGENITAL%20HYPOTHYROIDISM%20IN%20SOUTH%20AFRICA%20-%20REPORT%20ON%20A%20NATIONAL%20WORKSHOP%201992.pdf
http://archive.samj.org.za/1994%20VOL%2084%20Jan-Dec/Articles/02%20February/1.17%20SCREENING%20FOR%20CONGENITAL%20HYPOTHYROIDISM%20IN%20SOUTH%20AFRICA%20-%20REPORT%20ON%20A%20NATIONAL%20WORKSHOP%201992.pdf
http://www.ncbi.nlm.nih.gov/pubmed/556224
http://www.ncbi.nlm.nih.gov/pubmed/3353805
http://www.ncbi.nlm.nih.gov/pubmed/7013110


Page 11 of Malherbe et al. Rare Dis Orphan Drugs J 2024;3:7 https://dx.doi.org/10.20517/rdodj.2023.49 11

22nd Congress of the Society for Endocrinology, Metabolism and Diabetes of Southern Africa, Sun City, Bophutatswana, 20-23 
March 1985.
Lloyd-Puryear M, Brower A, Berry SA, Brosco JP, Bowdish B, Watson MS. Foundation of the newborn screening translational 
research network and its tools for research. Genet Med 2019;21:1271-9.  DOI  PubMed

51.     

Vorster BC. Presentation: national newborn screening programme to identify metabolism errors associated with mental retardation. 
IAEA-NECSA project SAF/6/004 & 006. Center for Human Metabolomics, Potchefstroom, South Africa: North-West University; 
2016.

52.     

National Department of Health. Human genetics policy guidelines for the management and prevention of genetic disorders, birth 
defects and disabilities. Pretoria: National Department of Health. 2001. Available from: https://www.gov.za/sites/default/files/gcis_
document/201409/humangenetics0.pdf [Last accessed on 27 Feb 2024].

53.     

Carrihill MM, Delport SV. An audit of the thyroid screening programme in the Peninsula Maternal and neonatal services (PMNS). J 
Endocrinol Metab Diabetes South Afr 2007;12:27. Available from: https://go.gale.com/ps/i.do?id=GALE%7CA168164786&sid=
googleScholar&v=2.1&it=r&linkaccess=abs&issn=16089677&p=AONE&sw=w&userGroupName=anon%7E3d63112e&aty=open-
web-entry [Last accessed on 27 Feb 2024].

54.     

National Department of Health. Clinical guidelines for genetic services - 2021. Available from: https://knowledgehub.health.gov.za/
elibrary/clinical-guidelines-genetics-services-2021 [Last accessed on 27 Feb 2024].

55.     

Allanson ER, Pattinson RC. Quality-of-care audits and perinatal mortality in South Africa. Bull World Health Organ 2015;93:424-8.  
DOI  PubMed  PMC

56.     

Horwood C, Haskins L, Phakathi S, McKerrow N. A health systems strengthening intervention to improve quality of care for sick and 
small newborn infants: results from an evaluation in district hospitals in KwaZulu-Natal, South Africa. BMC Pediatr 2019;19:29.  DOI  
PubMed  PMC

57.     

Niekerk AM, Cullis RM, Linley LL, Zühlke L. Feasibility of pulse oximetry pre-discharge screening implementation for detecting 
critical congenital heart lesions in newborns in a secondary level maternity hospital in the Western Cape, South Africa: the 
“POPSICLe” study. S Afr Med J 2016;106:817-21.  DOI

58.     

Bezuidenhout JK, Khoza-Shangase K, De Maayer T, Strehlau R. Outcomes of newborn hearing screening at an academic secondary 
level hospital in Johannesburg, South Africa. S Afr J Commun Disord 2021;68:e1-8.  DOI  PubMed  PMC

59.     

Gina A, Bednarczuk NF, Jayawardena A, Rea P, Arshad Q, Saman Y. Universal newborn hearing screening in South Africa: a single-
centre study. BMJ Paediatr Open 2021;5:e000976.  DOI  PubMed  PMC

60.     

Kanji A. Newborn and infant hearing screening at primary healthcare clinics in South Africa designated as national health insurance 
pilot sites: an exploratory study. S Afr J Commun Disord 2022;69:e1-7.  DOI  PubMed  PMC

61.     

Conradie EH, Malherbe H, Hendriksz CJ, Dercksen M, Vorster BC. An overview of benefits and challenges of rare disease biobanking 
in Africa, focusing on South Africa. Biopreserv Biobank 2021;19:143-50.  DOI  PubMed

62.     

Dercksen M, Conradie EH, Hendriksz CJ, Malherbe H, Vorster BC. The advantages of rare disease biobanking: a localised source of
genetic knowledge to benefit the South African rare disease community and related stakeholders worldwide. S Afr Med J 
2023;113:1512-3. Available from: https://journals.co.za/doi/full/10.7196/SAMJ.2023.v113i12.1507 [Last accessed on 27 Feb 2024]

63.     

Spooner E, Govender K, Reddy T, et al. Point-of-care HIV testing best practice for early infant diagnosis: an implementation study. 
BMC Public Health 2019;19:731.  DOI  PubMed  PMC

64.     

Christianson A, Zimmern R, Kristoffersson U, et al. Health needs assessment for medical genetic services for congenital disorders in 
middle- and low-income nations. J Community Genet 2013;4:297-308.  DOI  PubMed  PMC

65.     

Nacul LC, Stewart A, Alberg C, et al. A toolkit to assess health needs for congenital disorders in low- and middle-income countries: an 
instrument for public health action. J Public Health 2014;36:243-50.  DOI  PubMed  PMC

66.     

https://dx.doi.org/10.1038/s41436-018-0334-8
http://www.ncbi.nlm.nih.gov/pubmed/30393376
https://www.gov.za/sites/default/files/gcis_document/201409/humangenetics0.pdf
https://www.gov.za/sites/default/files/gcis_document/201409/humangenetics0.pdf
https://go.gale.com/ps/i.do?id=GALE%7CA168164786&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=16089677&p=AONE&sw=w&userGroupName=anon%7E3d63112e&aty=open-web-entry
https://go.gale.com/ps/i.do?id=GALE%7CA168164786&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=16089677&p=AONE&sw=w&userGroupName=anon%7E3d63112e&aty=open-web-entry
https://go.gale.com/ps/i.do?id=GALE%7CA168164786&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=16089677&p=AONE&sw=w&userGroupName=anon%7E3d63112e&aty=open-web-entry
https://knowledgehub.health.gov.za/elibrary/clinical-guidelines-genetics-services-2021
https://knowledgehub.health.gov.za/elibrary/clinical-guidelines-genetics-services-2021
https://dx.doi.org/10.2471/blt.14.144683
http://www.ncbi.nlm.nih.gov/pubmed/26240464
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4450707
https://dx.doi.org/10.1186/s12887-019-1396-8
http://www.ncbi.nlm.nih.gov/pubmed/30678646
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6345064
https://dx.doi.org/10.7196/samj.2016.v106i8.10071
https://dx.doi.org/10.4102/sajcd.v68i1.741
http://www.ncbi.nlm.nih.gov/pubmed/33567828
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7876983
https://dx.doi.org/10.1136/bmjpo-2020-000976
http://www.ncbi.nlm.nih.gov/pubmed/33791442
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7978244
https://dx.doi.org/10.4102/sajcd.v69i1.840
http://www.ncbi.nlm.nih.gov/pubmed/35144438
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8832026
https://dx.doi.org/10.1089/bio.2020.0108
http://www.ncbi.nlm.nih.gov/pubmed/33567219
https://journals.co.za/doi/full/10.7196/SAMJ.2023.v113i12.1507
https://dx.doi.org/10.1186/s12889-019-6990-z
http://www.ncbi.nlm.nih.gov/pubmed/31185962
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6560857
https://dx.doi.org/10.1007/s12687-013-0150-4
http://www.ncbi.nlm.nih.gov/pubmed/23794314
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3739852
https://dx.doi.org/10.1093/pubmed/fdt048
http://www.ncbi.nlm.nih.gov/pubmed/23667249
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4041098

