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Observed and expected frequencies of structural hemoglobin
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Purpose: Our objective was to compare observed and expected
genotype proportions from newborn screening surveys of structural
hemoglobin variants.

Methods: We conducted a systematic review of newborn screening
surveys of hemoglobins S and C in Africa and the Middle East. We
compared observed frequencies to those expected assuming Hardy-
Weinberg equilibrium (HWE). Significant deviations were identified
by an exact test. The fixation index F,; was calculated to assess excess
homozygosity. We compared newborn estimates corrected and
uncorrected for HWE deviations using demographic data.

Results: Sixty samples reported genotype counts for hemoglobin
variants in Africa and the Middle East. Observed and expected
counts matched in 27%. The observed number of sickle cell anemia
(SCA) individuals was higher than expected in 42 samples, reaching
significance (P < 0.05) in 24. High F,; values were common across the

INTRODUCTION
Hemoglobin S (HbS) is a structural variant of normal adult
hemoglobin (HbA) caused by an amino acid substitution at
position 6 of the B-globin gene (HBB c.20A>T; p.Glu6-Val).!
Individuals who have inherited HbS are usually asymptomatic
when heterozygous (AS), whereas homozygous individuals
with HbS (SS) suffer from sickle cell anemia (SCA), a dis-
ease associated with severe clinical complications (including
recurring pain, vaso-occlusive crises, and inflammation, all
of which can lead to organ damage) and high mortality rates
in low-income, high-burden countries.> Compound hetero-
zygosity with other B-globin polymorphisms, the most com-
mon of which are hemoglobin C (HbC) and B-thalassemia,
can also cause sickle cell disease (SCD); individuals with SB°-
thalassemia suffer from a form of SCD that is clinically indis-
tinguishable from SS. HbS is most prevalent in sub-Saharan
Africa and parts of the Mediterranean, the Middle East, and
India, because of natural selection for heterozygous individuals
through a survival advantage against Plasmodium falciparum
malaria.* Sickle hemoglobin is often considered to be the most

study regions. The estimated total number of newborns with SCA,
corrected based on F,, was 33,261 annual births instead of 24,958

s
for the 38 samples across sub-Saharan Africa and 1,109 annual births

instead of 578 for 12 samples from the Middle East.

Conclusion: Differences between observed and expected genotype
frequencies are common in surveys of hemoglobin variants in the
study regions. Further research is required to identify and quantify
factors responsible for such deviations. Estimates based on HWE
might substantially underestimate the annual number of SCA-
affected newborns (up to one-third in sub-Saharan Africa and one-
half in the Middle East).
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common pathological hemoglobin variant worldwide. Globally,
it has been conservatively estimated that 305,800 (confidence
interval: 238,400-398,800) babies were born with SS in 2010, in
addition to infants with other variants that cause sickle cell dis-
ease." Due to population growth, this number increases every
year and could reach more than 400,000 by 2050.*

HbC is another structural variant of HbA caused by a differ-
ent amino acid substitution at the same position of the 3-globin
gene (HBB c.19G>A; p.Glu6Lys).” Heterozygous individuals
(AC) are asymptomatic, whereas homozygosity (CC) causes
mild hemolytic anemia due to the reduced solubility of the red
blood cells that can lead to crystal formation. HbC is of clinical
significance mainly when inherited in combination with HbS
(SC), causing chronic hemolytic anemia and intermittent sickle
cell crises slightly less severe or frequent than in SS individu-
als; when co-inherited with -thalassemia (hemoglobin C-3
thalassemia), it causes moderate hemolytic anemia with sple-
nomegaly. HbC provides nearly full protection against compli-
cated P. falciparum malaria in homozygous (CC) individuals
and intermediate protection in heterozygous (AC) individuals.®

'Department of Zoology, University of Oxford, Oxford, UK; 2Department of Family Medicine, Morehouse School of Medicine, Atlanta, Georgia, USA; *African Population and Health
Research Center, Nairobi, Kenya; *Kenya Medical Research Institute—-Wellcome Trust Programme, Centre for Geographic Medicine Research-Coast, Kilifi District Hospital, Kilifi,
Kenya; *Department of Medicine, Imperial College, St Mary’s Hospital, London, UK; “National Center on Birth Defects and Developmental Disabilities, Centers for Disease Control
and Prevention, Atlanta, Georgia, USA. Correspondence: Frédéric B. Piel (fred.piel@zoo.ox.ac.uk)

This article has been corrected since advance online pubilcation and an erratum is also printed in this issue

Submitted 8 July 2015; accepted 25 August 2015; advance online publication 3 December 2015. doi:10.1038/gim.2015.143

GENETICS in MEDICINE | Volume 18 | Number 3 | March 2016

265


http://www.nature.com/doifinder/10.1038/gim.2015.143
mailto:fred.piel@zoo.ox.ac.uk

ORIGINAL RESEARCH ARTICLE

This variant has been under positive selection across West
Africa, particularly in Burkina Faso, Ghana, and Togo, where it
reaches frequencies of up to 15%.”

The Hardy-Weinberg (HW) principle defines the relationship
between allele frequencies and genotype counts in successive
generations and predicts that in a random mating population
of infinite size, allele and genotype frequencies should remain
constant from one generation to the next in the absence of any
disturbing factors.** The HW non-evolutionary model is com-
monly referred to as the Hardy-Weinberg equilibrium (HWE)
and represents one of the most basic hypotheses in population
genetics and evolutionary biology.!*!! The estimate of 305,800
infants born with SS disease in 2010 is derived from a model
that assumes HWE and projects the frequency of SS based on
the frequency of the S allele in population studies.*

Multiple factors can result in deviations from HWE in popu-
lation samples. The two primary factors traditionally assumed
to account for significant deviations from HWE are inbreed-
ing or consanguinity due to mating among close relatives
(endogamy), and population admixture or stratification due to
short- and/or long-distance migration (gene flow)."” Additional
factors that can lead to deviation from HWE include the occur-
rence of new mutations, genetic drift in small populations, nat-
ural selection, and cryptic relatedness in isolated populations,"
as well as several methodological artifacts, including selection
bias,"? genotyping errors,” and non-randomly missing geno-
types." The most important of these factors, in addition to the
two traditional factors of inbreeding and population stratifica-
tion, appears to be genotyping errors and selection bias."” In
countries where consanguinity is uncommon, deviation from
HWE is used for quality control in gene association analyses.'®

Several factors can cause deviations from HWE at the same
time in a given population, either with cumulative effects or
with opposite evolutionary trends. For example, one factor
(e.g., inbreeding or improved fitness of homozygotes) may
tend to increase the allele frequency of the gene studied while
another tends to reduce it (e.g., termination of affected preg-
nancies or elimination of malaria selective pressure, either nat-
urally or through human control interventions). Furthermore,
some of these disturbing factors have an immediate effect on
allele or genotype frequencies (e.g., migrations), whereas others
will cause slow changes over multiple generations (e.g., natural
selection). Importantly, neglecting factors causing deviations
from HWE can lead to an incorrect interpretation of the data
from screening studies and to an underestimation or overesti-
mation of the number of individuals affected at local, national,
regional, or global scales.

In theory, data from universal newborn screening studies
offer the unique advantage that they represent the best measure
of true genotype frequencies. At ages beyond infancy, excess
mortality is likely to reduce the frequency of individuals homo-
zygous for deleterious mutations such as HbS. Furthermore,
in areas endemic for malaria, survival among heterozygous
individuals (with HbAS) is greater than that among normal
individuals (with HbAA) due to their protection against severe
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malaria. Two main national, regional, and global estimates of
newborns affected by sickle cell anemia have been published in
the past decade. In 2008, Modell and Darlison published con-
servative newborn estimates for all common hemoglobinopa-
thies using the HW equation corrected by national population
coeflicients of consanguinity obtained from Bittles’s database
and Murdock’s ethnographic atlas.”” In 2013, we published new-
born frequency estimates for HbSS, HbAS, HbCC, and HbAC
based on a Bayesian geostatistical framework and on HWE that
accounted for spatial heterogeneities in the frequency of hemo-
globin variants and in the distribution of human populations
within countries.*” Although we considered consanguinity as a
potential confounder in the previous studies, it was not incor-
porated in our modeling framework due to the unavailability of
a coeflicient of consanguinity for many countries and due to the
lack of data on subnational variations for this covariate for all
countries. We therefore assumed that the use of such a covari-
ate in a framework designed to account for spatial heterogene-
ities would potentially introduce more biases than corrections.
Our published estimates of HbSS and HbCC annual births,
calculated using allele frequencies assuming HWE, likely rep-
resent underestimates of the prevalence of newborns affected
by these genotypes in regions in which consanguinity is com-
mon. Because our modeling frameworks were independently
developed for HbS and HbC, estimates of HbSC annual births
were not calculated. Despite not correcting for consanguinity,
our global HbSS and HbCC estimates were generally higher
than those of Modell and Darlison, even when correcting for
demographic changes. Those findings suggested that the global
health burden of hemoglobin variants—HDbS in particular—
might be substantially higher than was believed at the time.

In the present study, we aimed to assess the frequency and
magnitude of deviations from HWE for HbS and HbC in Africa
and the Middle East by reviewing existing data from newborn
screening surveys conducted in these regions and discuss the
impact of such deviations on estimates of affected newborns at
various geographical scales.

MATERIALS AND METHODS

Newborn screening data

We conducted a systematic search of the published literature
using PubMed, Web of Science, and Scopus using the follow-
ing search string: “sickle AND newborn AND screening AND
(Africa OR Bahrain OR Iran OR Iraq OR Israel OR Jordan
OR Kuwait OR Lebanon OR Oman OR Palestine OR Qatar
OR “Saudi Arabia” OR Syria OR “United Arab Emirates”
OR Yemen OR India)”. Although the use of the term “Africa”
seemed conservative, individual names of countries were used
for the Middle East as the inclusion of this more generic term
missed several key references. Searches, last updated on 26
January 2015, returned 159, 121 and 127 references, respec-
tively, in each of these resources. After duplicate removal, 247
references remained, of which 30 contained relevant newborn
screening data (see Supplementary Table S1 online). Six stud-
ies that did not appear in our systematic search but that had
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already been identified during preliminary manual searches'®
were also included.

The inclusion criteria for studies were: (i) that subjects
were tested at birth or within the first 28 days of life, either
randomly or as part of a universal screening program, and
(ii) that they reported detailed genotype counts for HbS. No
minimum sample size cut-off value was used (accepting that
results from small studies need to be considered with caution
because of a likelihood of large differences in ratios due to
chance). The diagnostic methods used in each screening study
were also recorded (Supplementary Table S2 online). Because
our search criteria revealed only two relatively small newborn
screening studies from India,'*** we excluded these studies and
restricted our focus to Africa and the Middle East. When more
than one publication reported overlapping data, only the most
recent or comprehensive report was included. Updated data
for the Kumasi survey from Ghana were presented during a
Centers for Disease Control and Prevention (CDC) webinar in
March 2014 and were therefore used in place of the numbers
published in 2008.

Deviation from HWE

HWE equations have been described in detail in several clas-
sic textbooks of population genetics'>*! and are only briefly pre-
sented in the Supplementary Information. Various tests have
been designed to measure deviation from HWE. Although
such a test is relatively straightforward for two alleles, it is more
complex for multiple alleles (1 > 3).% Tests of HWE are often
performed using Pearson’s y* goodness-of-fit test. It is now well
established that this asymptotic method is unreliable for small
samples and is associated with substantial errors in large sam-
ples with a low-prevalence of mutant alleles. As a result, exact
tests are usually preferable.>*? Here, we used the likelihood ratio
full-enumeration exact test, as implemented in the “HWxtest”
package in R.# In this test, all possible tables with the same allele
numbers as in the observed counts are examined. Although this
approach is computationally intensive, it does result in a robust
Pvalue. We use 0.05 as the standard cut-off for statistical signifi-
cance (Supplementary Table S3 online).

Fixation index
The fixation index F, (often referred to as Wrights inbreeding
coefficient) is used with genomic data on the distribution of
alleles in population samples to identify gaps between the rela-
tive frequencies of homozygous or compound heterozygous
individuals and those predicted on the basis of heterozygous
individuals.* Although typically interpreted as a measure of con-
sanguinity at the population level, it can also indicate potential
quality problems in a genetic study due to issues such as selection
bias or genotyping errors. A high F, index can be interpreted as
a measure of consanguinity or inbreeding only in a population
with direct evidence of high levels of consanguinity as well as
reliable data on admixture and population structure.

The following equation, defining the proportionate reduction
in heterozygosity relative to HWE, was used to calculate F,; in
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each population survey included in this study (Supplementary
Table S3 online).”
(Equation 1):
e
1= p}

where p; is the proportion of allele i, and P; is the observed
frequency of genotype A;A;.

Fs=1-

Newborn estimates at population level
To assess the influence of deviations from HWE on population-
level estimates of newborns with Hb variants, we calculated the
predicted number of HbSS newborns based on expected (HWE)
and observed (HWE corrected using F,) allele frequencies for
study samples or subsamples stratified based on locality, citizen-
ship, or place of origin. Due to high heterogeneities in F,, within
countries, national estimates would be misleading even for those
few studies with samples from multiple localities within a country.
As in previous studies,”” demographic data included local
population and national crude birth rate (CBR). Population
data were extracted from one of the following sources, inves-
tigated according to the following sequence: UN Demographic
Yearbook 2013 (Table 8), the CIAs World Factbook, national
census data, the study publication itself, or Wikipedia. CBR
data were extracted from the UN World Population Prospects
2012 Revision. HWE uncorrected (Equation 2) and corrected
(Equation 3) newborn estimates were calculated as follows:

Equation 2a:

HbSSHWE = Ni X CBR, X plZ
Equation 2b:

HbSCrywg = N; X CBR; X (2 X p; Xq;)
Equation 3a:

HbSSywe+rg = Ni X CBR; X (p? + Fisipiqi)
Equation 3b:
HbSCHWE+FIS = Ni X CBRZ X [2 X Pi X %' X (1 - FIS,‘ )]

where N is the local population; CBR is the crude birth rate;
p, is the allele frequency of HbS; q, the frequency of HbC, is
equal to 1-p; and F, is the fixation index at place i.

RESULTS
Newborn screening surveys
We identified 36 published surveys of newborns tested for struc-
tural hemoglobin variants (HbS and HbC) in the study regions
matching our inclusion criteria. These surveys included 60 sam-
ples or subsamples; 40, 5, and 15 of which were from surveys con-
ducted in sub-Saharan Africa, North Africa, and the Middle East,
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Figure 1 Distribution and size of newborn screening surveys of hemoglobin S and hemoglobin Cin Africa and the Middle East.

respectively. Sample sizes ranged between 30 newborns in a sur-
vey conducted in Tanzania to more than half a million newborns
tested over a decade in the United Arab Emirates; 57% of samples
or subsamples had a size smaller than 1,000 newborns (Figure 1).

HDS allele frequencies within individual study samples ranged
between 1.4% (Rwanda) and 14.6% (infants of Democratic
Republic of the Congo (DRC) origin living in Burundi and
DRC) in sub-Saharan Africa, between 0.3 and 2.8% in Tunisia,
and between 0.5% (United Arab Emirates) and 13.2% (Saudi)
in the Middle East (Supplementary Table S2 online). HbC
was observed in 20 population samples out of 38 that tested
for HbC, covering an area extending from Senegal to Oman.
Reported HbC frequencies in those studies that detected HbC
ranged between 0.1% (Rwanda) and 10.4% (Burkina Faso)
(Supplementary Table S2 online).

Deviation from HWE

Although observed and expected genotype counts matched
exactly in 16 study samples (27%), the observed number of
HbSS individuals was higher than expected in 42 of them.
The observed number of HbCC individuals was higher than

268

expected in 29% (n = 8) of study samples in which HbC
was found (Figure 2). A statistically significant difference
(P < 0.05) between observed and expected HbS counts was
found in 24 of 60 samples or subsamples: 1 in Burkina Faso;
6 out of 15 in the DRC; 1 in Gabon; 1 in Ghana; 1 out of
2 in Nigeria; 1 out of 4 in Senegal; 1 out of 5 in Tunisia; 1
out of 3 in Bahrain; 1 in Lebanon; 1 in Oman; 5 out of 5 in
Saudi Arabia; and 3 out of 3 in the United Arab Emirates
(Supplementary Table S3 online). Of 29 samples or sub-
samples with more than 1,000 newborns tested, 20 (69%)
revealed differences between observed and expected fre-
quencies of homozygotes that were statistically significant.

F, coefficient

A positive F reflects an excess of homozygotes, whereas
a negative value indicates an excess of heterozygotes. The
highest F values in sub-Saharan Africa were found in
study samples from Senegal (25.7%) and Gabon (28.9%).
In the Middle East, F reached values up to 18.8% in Saudi
Arabia and 21.2% in Bahrain (Supplementary Table S3
online). For most countries, substantial differences in F
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Figure 2 Radar charts showing differences between observed (in red) and expected (in blue) genotype counts in newborn screening surveys of
hemoglobin S (HbS) and hemoglobin Cin Africa and the Middle East. Surveys for which only data on HbS were presented are not shown. To maximize
the visualization of the differences, each axis is scaled based on the maximum of the observed or expected counts for each survey independently. n = number
of newborns tested. *A population sample for which deviation from Hardy-Weinberg equilibrium was found to be statistically significant using the likelihood

ratio full-enumeration exact test.

were observed between various national population samples
(Supplementary Table S3 online). For example, F ; ranged
from —11.1 to 2.4% in Burundi, —5.7 to 6.4% in Tanzania,
and from —0.9 to 21.2% in Bahrain.
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Impact on estimates of prevalence of affected newborns

Because most F,; values were positive for the samples surveyed,
estimates of the prevalence of HbSS in newborns corrected for
the fixation index (i.e., based on Equation 3) were higher than

269



PIELetal. | Hardy-Weinberg deviations in newborn screening surveys of Hb variants in Africa and the Middle East

ORIGINAL RESEARCH ARTICLE

abed 1xau uo panuipuo) | a|qel

“(wyabed~AlD/gAp/s1onpoudpiydelbowsp/psun/bio un-sieisun//:diy) UoISIAIQ SJ1ISIIeLS SUOIEN Pallun = N :92IN0S

"9A0Qe SaUl| 3y} JO Wins 8y} ‘X ‘Apnis buiussids ulogmau sy Ul pajdwes suoireindodgns o wins ‘wns ‘Apnis buiusaids ulogmau ayi ut suoneindodgns jo suontodoid sy} 03 JusjeAinbs ‘sberusdiad

‘1 Dd ‘3|ge|ieA. 10U “¥N ‘PaIsal SUIOGMAU JO JaQUINU ‘N sS993 A1ISODAZOWIOY JO 2INSeaW B Se Xapul Uorexi)

51

(lunY 61 ZZ/SPIBLyAO0GIIRJ-pOM-3UY/suONedqnd/Aleiqil/a06 e’ mammy/:sdiy) 300q1ded PHOM YL V1D

(QdH
L'z T44 801 L8'S ¢s0°0 1'8€ NN 600'950°L pue NvHD) Jexed Y16 |eBauas 900¢ obeweyd| 43
L'G LzL il 69'G¢ 650°0 1'8€ HINIED) 600'950°L Jeded 6.1 lebauag €00¢ 1[slele[ 23
LT L6l 1L ov'L 00 '8¢ NN 600'950°L Jexed 149 |eBauas 8961 Hepno 0€
1A% [44 S G617 7100 413 NN €8E'0VL aleing pue Ijebiy oLl epuemy £00¢ esaINN 6¢
/ 0 S 6€L— 7100 a3 NN €8€'0VL aleing pue 1jeby L86 epuemy 900¢ 1ziuebueAuniy 8¢
9l GOEL 678 (VA] (43N0} Sy NN 88L°LYL L KD uuag 179 eusbiN 800¢ ungaunpo LT
L'l veL'L 2oL 000l 210 Sy vID 000'7ZS"L eunpes) 00£ eusbiN 9861 ey 9¢
A 14474 96¢ GS'¢ SS0°0 1WA vID 000°L£0°C oxeweg G20l IleN 800¢ olela 14
uoneIIUNWWOD
'l Sle €LC or'l ¥#80°0 L'SE NN GEL'B0L'L I ry'SL ehuay [BUOSISd SUWel||IM 144
uonedIUNWWOd
Sl 9SS €8€ 6'€ 0800 L'LE NN 0€1'C6’L Iseuwnsy GGE'EVE eueys [BUOSIS] buodwaif-susyo €¢
€q S6 8l 68'8¢ €900 (43 eIpadiyIM 08¢’y [1U99 1od 96 uoges 0861 d|qous-pleydly [44
90 8€€ 856G 89'G— 9Z1L'0 6y vID 000°0Z8 1uebuesty 0¢s odd 0l0¢ eseby ¥4
7'l LLL'S 9’ 8SV 8600 6'Cy vID 000'86.'8 eseysury v0T'LE BX[ 600¢ (B39 0[0IysL
vl £599'L 0LL'L Sk 00l'0 6'Cy 12d 0€£'90L'C npunpueg 0096 odd 600¢ ‘e 39 o|ojlysL 0¢
vl €€9°L 88L°L [4oh7% L60°0 6°Cy 15d 6L6'716'C obuo) seg Sry'ol odd 600¢ ‘e 19 0joiysL 6l
vl S99 98 00'% 8600 6°Cy 12d 886'881°L lesex| LTy pX[¢ 600¢ ‘e 39 0[olysL 8l
9L L19 06€ G599 0l0 6ty 12d 80£'G98 naienb3 690'€ odd 600¢ ‘le 39 o|ojlysL Ll
9l 8l¢ 8¢t 68'9 9010 6'Cy 12d 79%'98¢ paleap JoN 910l oyd 600¢ ‘le 39 o|ojlysL 9l
8l €el SL 889 800 6'Cy 12d 8/1'79¢ ebueley €6 BX[¢ 600¢ ‘le 32 o|ojlysL Sl
'l 601 68 S6'¢C 110 6°Cy 12d 119251 ejobuy 655 X[ 600¢ ‘e 32 0[oiysL 7l
€l €L SS 08¢ 600 6y 12d 651°20C NARY LLL oyd 600¢ ‘le19 o|ojlysL €l
Ll €L 99 GL'L £L60°0 6°CY 12d 0S7'€91 3euslo 6.5 oyd 600¢ ‘le 19 O|ojiysL 4
/ 0 14 87— EV0'0 6'Cy 15d LEL'6L SUBdLY /Y10 0L BX[¢ 600¢ ‘le 39 o|ojlysL Ll
Sl €088 606'S 10 ST4N0] 6'Cy vID 000'86.'8 eseysury 9LL'y odd 800¢ OloJiysL ol
/ / 44 98¢~ 7200 6y e1padiiipn 000°000°L euon 78 oYd £00¢ essIniAl 6
/ / / LEE- 660°0 6y / VN ojozun vl oyd 9861 juewsjjeq 8
'l €186 SvY0'8  9L'€E L0 6'Cy vID 000'86L'8 eseysury 00§ odd 6961 us|aeg UeA L
L0 1449 S¢L 9le- 0l0 6'Cy vID 000°1L19°L o||Inezzelg 981l obuo) 800¢ olela 9
7'l 9L 7S 9’9 SELO EWAS e1padiiipn 00S'6L BMO|0q3 961 uoolsuwed 6661 UelsaH 91 S
6'¢C SE 4 wy 7200 8y NN 691°L6Y einquining L€9 lpuning £00¢ esaIN 14
Ll LLL LLL LEO 1200 87y NN 691°L6Y einquining 8¢ lpuning 7661 OUBIOW €
(4 €6¢ L7l S¥'S 8700 L'ly NN €TTSLY'L nobnopebenQ Lre'e osed eupjing 500¢ opuejey 4
0l (444! 691°1 290 0cl'0 1M4% NN LOV'TT8'1 epuen €97'9€ ejobuy €10¢ UuesHON L
eD1lJY UBJBYES-gNS
weo  @4+HAMH (VAMH ) %y fuanbaiy (z102) ?Inos uonejndod  uonedo| ASAINS N Anuno> ST=ETN Joyine isii4 al
oney S9|e SQH 3. Yuiq
9)ewIsd ulogmau SSqH apni)

(bd4+,b 'pa1da410d) AlisobAzowoy ssadxa 404 Buipunodde pue (,b ‘pardsiiodun)
wnuqiinba bisquispn-ApaeH uo paseq uoiledo| Asains yoes 1oy |9nd] uoirejndod ay3 1 SSOH J0J S91eWIISS Ulogmau pue elep diydesbowasq | djqeL

Volume 18 | Number 3 | March 2016 | GENETICS in MEDICINE

270



ORIGINAL RESEARCH ARTICLE

Hardy-Weinberg deviations in newborn screening surveys of Hb variants in Africa and the Middle East | PIEL et al.

“(wiyabedAuD/gAp/s1onpoidpiydelbowsp/psun/bio un sieisuny/:dily) UOISIAIQ SOI1ISIIBIS SUOITEN PaliuN = NN :92IN0S

"9A0QE SaUI| 9Y} JO WNS 3y} ‘X ‘Apnis bulusalds ulogmau ayi ul pajdwes suonejndodgns Jo wns ‘wins ‘Apnis buiusaids ulogmau ay} ul suoireindodgns 4o suoiiodoud ay) 03 Jusjeainbs ‘sbejusdiad
| Dd '3|ge|IBAR JOU "WN 'P31S3} SUIOGMBU JO J3GUINU ‘A 'S595%3 AHSOBAZOWIOY JO 3INSB3W B SE X3PUI UOIEXIY 4 (WY 6 L 7Z/SPIR1/50001B-PIIOM-3U}/SUOIEdIGNA/AIRIG/ACG BI> mMAM//:SATIY) Y00GS PHOA BYL V1D

/ 0 8 L= 1100 7lE NN 937'8/6'L e,eues 00G°L USWIBA 700¢ POON-|V 89
L) €S € €L'g 5000 8Vl eIpadiyIA 000°007'6 Ivn 987'TvS vn 710¢ IUBSOH |V LG
9Ll 89 S 789 9000 8l eipadiyIA 000°00Z'6 Ivn 00222 vn S00¢ <IUBSOH |V
09l 143 4 €€°9 #00°0 87l eIpadi I 000°008°Z  (susziid-uou) JvN GEO'EL vn S00¢ IUBSOH |V 99
o€l €l l I4WA 8000 81l eIpadiIA 000°00%'L (suaznp) 3vn 9l'6 vn S00¢ IUBSOH |V SS

(Ipnes

9l [d0i4 0S¢ 6£'8 LzLo 96l eIpadiIA 000°L/8 -uou + Ipnes)yied  ZLO'v¢  elgely Ipnes €00¢ <Ye||nissseN
Sl (X014 69¢ ov'L €10 96l 12d 198'T6/ (Ipnes) j1ed 8G8°lz  EIgely Ipnes €00¢ yej|niasseN 7S

/ | 0 09 €100 96l 12d €€L'8L (Ipnes-uou) Jed 1214 eiqely Ipnes €00¢ yejnissseN €5

J1ed + wewuweq

¥'E 6¢ 98 Il 0500 96l wns 0cLL8L'L +.1eqoy} | 179's eiqely Ipnes 7861 Awemy-|y
9l VEE 70¢ 08, 6010 96l eIpadiyiAn 000°L/8 1eQ vzl eiqely Ipnes 7861 Awemy-y 4
S'e 8/ 44 170l 6£0°0 96l NN LZE YL wewweqd 008'C eiqely Ipnes 7861 Awemy-y LS
€9 6l € 8.8l 8¢0°0 96l NN 66/'591 Jeqoy |v L69'L elqely Ipnes 7861 Awemy-|y 0§

/ L 0 €0'L 6200 7'1e NN €68'7C 1eosniN 769'S uewo 0l0¢ puvY (94
7Ll 08 L €66 6000 SEl VIO 795'788'S apimAnunod S60°01 uoueqa 710¢ Kenioyy 8

/ 0 S G- G200 €1/C NN 0zg’ele pigJ| 181l uepJor 9661 yljerer VA%
60 €l Sl 60— €/00 SGl NN 606'9L1 euleuel 910'6€ uleiyeg i410r4 pakelly v i

L'l 74 144 0L 0600 SGl NN 606'9L1 euleue 000°C uleiyeg S00¢ pakeny v 14
9'¢ 89 9l Lzie LL0°0 S'Sl NN 6069/ eweuelp LTE'0L ulelyeg 661 pawiweyoln 144

1583 9|ppIIN
0'€ € l (4] 0100 €Ll NN 0€€'20L siunp 871’6 elsiung 45014 13feH 9%
efog

/ 0 4 ST L= 100 €Ll wns 851'G98 + [Nagen + siunp 879'C eisiung 900¢ zunoe4

/ 0 | 6 8700 €LL eIpadiyIA Lyy'90l elog 79¢ eisiung 900¢ wnoijeq [4%

/ 0 0 SE0- €000 €Ll eIpadiyiAn [8€'9S [NegeN GEE elsiung 900¢ wnoje4 Ly

/ 0 l (4 1100 €L1L NN 0€€'20L siunp 620'C eisiung 900¢ unoye4 (0174

/ 0 l 9L°0— 8000 €Ll NN 0€€'20L slunp 6C€E'l elsiung 800¢ ojlelg 6€

ey yuUoN
L0 5144 079 9r€e- S0L°0 L'9€ vID 000'72S’L WO L1 oboy 200¢ CIETS[SE)N 8€
60 179 789 66°0— 0LL0 L9€ vID 000'%72S’L WO G8€ oboy 3861 YLoN LE
eZUBMIN
€l L€ €C 86°1L 8500 €6€ wng 000'7LL +nBe + esseN € eluezue| 0661 I9Ydsigav

/ 0 4 69°L— £10°0 £6€ Apmis 000'0G1 eZUBMIN 0€ eluezue| 0661 I3Ydsigey 9¢
0'¢ 8 ¥ 8€9 .00 £'6€ Apnis 000'0¢ nbep L0l eluezue| 0661 I3ydsigey <19

/ 0 0 SL'G— 7500 £'6¢ Apnis 0007 esseN 6 eluezue| 0661 Jaydsigey 143

e 10¢ 16 909 8100 '8¢ NN 600'950°L Jexeqd 000°L |eBauas 800¢ ojeld €e
o (@F4+IMH (L)IMH -,y Auanbaiy (Z102) ainos uonejndoqd  uonedo| AsAing N Anuno> Jeap ioyine 3sii4 al
oney d|9|le SQH  9jeJ yuiq

91BWIIS® UIOGMAU SSOH |apnid

panunuo) | s|qeL

271

GENETICS in MEDICINE | Volume 18 | Number 3 | March 2016


https://www.cia.gov/library/publications/the-world-factbook/fields/2219.html);
http://unstats.un.org/unsd/demographic/products/dyb/City_Page.htm

ORIGINAL RESEARCH ARTICLE

the uncorrected estimates calculated using the simple HWE
equation. In three large (n > 30,000) studies from sub-Saharan
Africa, the corrected to uncorrected HbSS prevalence estimate
ratios were approximately 1.4 in the DRC and Ghana and 1.0 in
Angola (Table 1). In the Middle East, the ratios were consider-
ably higher in screening studies conducted in Lebanon (11.4)
and the United Arab Emirates (up to 17.7), whereas in Bahrain
and Saudi Arabia ratios have fallen from 3.4 or more during the
1980s to 1.0-1.5 in studies conducted more recently.

Across all surveys, the estimated total numbers of HbSS new-
borns, corrected based on F, were 33,261 instead of 24,958 in
sub-Saharan Africa and 1,109 instead of 578 in the Middle East.
Corrected and uncorrected estimates of annual births with
HbCC and HbSC are presented in Supplementary Table S4
online for the 20 samples for which the frequency of HbC was
reported and not null. Although most of these estimates need
to be considered with caution due to the relatively small num-
ber of births affected by HbCC or HbSC (compared to HbSS),
they suggest that uncorrected estimates based on HbC alleles
assuming HWE could substantially underestimate the number
of HbCC births and slightly overestimate the number of HbSC
births.

DISCUSSION

This study, which to our knowledge includes all relevant pub-
lished studies across the study regions, reveals a striking lack of
newborn screening surveys in the areas most affected by sickle
cell disorders. Universal newborn screening programs for
sickle cell disorders have long been implemented in the United
States and the United Kingdom, where it has led to substan-
tial improvements in childhood mortality.?* More generally,
universal newborn screening can contribute to the reduc-
tion of health disparities.”” Ghana is the only African country
so far that has implemented a large-scale newborn screening
program, with data published from Kumasi and a neighboring
community. Local screening efforts have begun in a number of
African countries, but those often lack financial and political
support to be scaled up to subnational or national levels.*® This
is reflected by the rather small sample sizes of most newborn
screening studies conducted in sub-Saharan African countries,
with 30 of 40 samples or sub-samples (75%) having tested less
than 1,000 newborns and only three studies reporting results
for more than 30,000. With the ongoing increase of the health
burden of hemoglobinopathies, the implementation of large-
scale newborn screening programs could contribute to saving
millions of lives in the coming decades.*

In countries for which several newborn screening studies have
been published, the present study highlights heterogeneities in
the allele frequencies of hemoglobin variants and the magnitude
of deviation from HW expectations. Although the former can
to some extent be taken into account using geostatistical meth-
ods,” to date the latter has been underappreciated in the calcula-
tion of national, regional, and global burden estimates.

Differences between observed and expected frequencies of
genetic disorders based on allele frequencies within a study
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sample are common in newborn screening surveys of struc-
tural hemoglobin variants in Africa and the Middle East.
Various factors can explain an excess of homozygosity, includ-
ing consanguinity and population structure, but their respec-
tive effects are difficult to dissect. These results give insight into
the relative magnitudes by which current national and regional
estimates based on extrapolations from the frequencies of HbS
alleles might represent underestimates of the birth prevalence
of sickle cell disease. The magnitude of underestimation may be
as much as one-third in African populations and almost one-
half in Middle Eastern surveys. Regrettably, we did not find
substantial data from screening studies conducted in India and
therefore could not extrapolate this conclusion to that country.

Surprisingly high F, values found in small study samples
from Gabon and Senegal suggest either quality control issues
or chance variation. The threats to quality and potential bias
in estimates of F, include small sample size, selection bias,
and mistaken genotyping. The Gabon study illustrates the first
problem, with fewer than 100 newborns tested, a sample size
that is inadequate for reliable estimates to be made. Despite a
larger sample size (n = 479), the high F; coefficient found in
one sample of Senegalese newborns should be interpreted with
caution because the reported frequency of SS (1.9%) is several
times higher than reported in all other studies from Senegal
(0.3-0.5%). This finding could potentially be the result of refer-
ral or selection bias or due to diagnostic errors.

An apparent excess of homozygotes is often attributed to
consanguinity, which is assumed to be high in populations liv-
ing in the Sahel, other parts of West Africa, the Middle East,
and Central/South Asia.*® Nevertheless, data availability on
consanguinity are very patchy.* Existing national estimates of
consanguinity may reflect the behavior of specific localized eth-
nic groups studied, rather than that of the overall population
of a country. In much of sub-Saharan Africa, however, consan-
guinity is reported to be widespread and may be found in simi-
lar frequencies among different ethnic groups in a country.*
Moreover, estimates of the frequency of consanguineous mar-
riage may differ widely for a single ethnic group. For example,
two published estimates of consanguinity among the Yoruba
living in southwestern Nigeria were 51% in a rural sample in
the 1970s and 6% in an urban sample in the 1990s.%*

Consanguinity is generally thought to be common in many
parts of the Middle East.”! For example, well over one-half of
marriages among Saudi nationals in Saudi Arabia are consan-
guineous, with one-third of all marriages between first cous-
ins.** As illustrated by Figure 2, we found a marked excess of
SS homozygotes in most of the earlier surveys conducted in
Bahrain, Oman, Saudi Arabia, and the United Arab Emirates.

In Bahrain, data have shown a reduction over time of the
excess homozygosity, an observation that may be accounted for
by more recent introduction of widespread carrier testing. The
excess of SS homozygotes observed in 1984-1985 had essentially
disappeared in screening data collected in 2002 and 2008-2010.
The introduction of prenatal carrier screening, which began in
1993, student screening, which began in 1998, and voluntary
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premarital screening and counseling of couples identified as car-
riers (mandatory for Bahraini citizens beginning in 2004) appear
to have driven this trend. Between 1984-1985 and 2010, the prev-
alence of HbSS in Bahraini newborns decreased from 2.1% to
0.4%, whereas that of HbAS increased from 11.2 to 14.7%. The
public health implication is that the direct influence of parental
consanguinity on high rates of sickle cell disease relative to the
prevalence of the sickle cell allele can be attenuated if carrier test-
ing leads to fewer carrier couples marrying and having children
together. In various Mediterranean countries, programs combin-
ing premarital screening, genetic counseling, and prenatal diag-
nosis for carrier couples offered during early pregnancy long ago
resulted in 90% or more decreases in live births with thalassemia.
More recently, a similar program in parts of coastal Turkey
resulted in similar decreases in births for both thalassemia and
sickle cell disease.” In the Middle East, attitudes toward prenatal
diagnosis and abortion are greatly influenced by religious values.
Education about a fatwa, which allows the abortion of a diseased
fetus within the first 120 days of a pregnancy, can promote the
acceptance of genetic counseling in Islamic societies.*

Ethnographic or genealogical approaches to assessing con-
sanguinity often yield results that differ markedly from genome-
based measures of supposed interbreeding.** Differences in the
presumed frequency of inbreeding suggested by the F,; coeffi-
cient often reflect the influences of genetic isolation and genetic
drift, including past population bottlenecks and founder effects
rather than consanguineous marriage.”” Differences in the F
coefficient may also reflect differences in study quality, includ-
ing mistaken attribution of genotype due to testing errors and
selection bias. A study that analyzed data from 26 populations
around the world with both F, coefficients and estimates of
consanguinity found that the latter explained a little more than
one-tenth of variation in the former (r = 0.349, P = 0.040).>”

One of the highest ethnographic estimates of consanguineous
marriage in Nigeria (56-61%) comes from rural Hausa commu-
nities in the northern part of the country*® Although F, coef-
ficients are moderately correlated with ethnographic estimates of
marital consanguinity,” it has not been established that the same
association holds true among studies in sub-Saharan Africa.

An excess of homozygotes or deficit of heterozygotes can also
be explained by population genetic structure or stratification,
also referred to as the Wahlund effect.*® Population stratification
can result from random mating within sub-populations of dis-
tinct ancestral origins. In population stratification, each subpop-
ulation may be characterized by HWE, but an aggregate sample
from the stratified population can show deviation from HWE
and apparent inbreeding or assortative mating. Population strat-
ification is particularly likely to occur in countries or regions
in which hemoglobinopathies were historically rare but now
have distinct high-frequency subpopulations due to histori-
cal or recent population migrations.” In particular, population
stratification is present in heterogeneous populations in North
America and Western Europe in which most cases of sickle cell
disease occur among specific subpopulations with a migration
history or ancestry from areas in which the HbS allele has been
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present for millennia. In African and Middle Eastern countries
with heterogeneous allele frequencies of hemoglobin variants,
population stratification can be expected in large cities to which
people migrate. This is illustrated by Tshilolos 2009 study of
newborns in Kinshasa in which HbS allele frequencies varied
between 4.3 and 11.4% in different subpopulations, and the F
ranged from —4.5 to 6.9. Although screening studies usually pro-
vide little information about the actual structure of local popu-
lations, the inclusion in future analyses of data from national
censuses and/or genome-wide association studies*' could poten-
tially contribute to a better understanding of the factors under-
lying HWE deviations observed and to improving current and
future newborn estimates.

Finally, the sensitivity and specificity of the diagnostic meth-
ods used as well as the main objectives of screening surveys
represent another potential source of deviation. Most newborn
screening programs attempt to minimize the chances of false
positives and false negatives for individuals with sickle cell
anemia, leading to strict diagnosis confirmation and minimal
errors; however, the limited clinical implications of a misdiag-
nosis of a heterozygote carrier as a wild-type homozygote and
vice versa might not justify the expenses of further confirma-
tion, leading to more frequent misclassification of AS and AA
than SS. Although we recorded the diagnostic method used in
each survey, further work is needed to identify the precise role
of this parameter on deviations from HWE.

In conclusion, taking potential deviation from HWE into
account in assessments of the prevalence of hemoglobinopa-
thies could have several benefits. First, it would help refine exist-
ing estimates of numbers of SCA-affected newborns at national,
regional, and global levels. Owing mostly to the limited avail-
ability of data on consanguinity, the most recent published
global estimates of the prevalence of HbSS* presumed HWE.
That could have led to a substantial underestimation of the
number of HbSS annual births in some countries, as suggested
by the present study. Second, the refined model presented here
allows for improved estimation of numbers of SCD-affected
newborns, including both HbSS and HbSC, based on allele fre-
quencies, although other SCD variants are still excluded. Third,
the prevention of these disorders could be improved by the
adoption of appropriate policy measures tailored to the genetic,
social, and cultural factors responsible for HWE deviation.
Finally, further analyses of the respective contributions of vari-
ous factors responsible for deviations from HWE might reveal
interesting insights into the evolutionary dynamics of these
genes in different populations across the globe.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http://www.nature.com/gim
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