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22q11.2 deletion syndrome (22q11.2 DS) is the most common microdeletion syndrome and is

underdiagnosed in diverse populations. This syndrome has a variable phenotype and affects

multiple systems, making early recognition imperative. In this study, individuals from diverse

populationswith 22q11.2DSwere evaluated clinically andby facial analysis technology. Clinical

information from 106 individuals and images from 101 were collected from individuals with

22q11.2 DS from 11 countries; average age was 11.7 and 47% were male. Individuals were

grouped into categories of African descent (African), Asian, and Latin American. We found that

the phenotype of 22q11.2 DS varied across population groups. Only two findings, congenital

heart disease and learning problems, were found in greater than 50% of participants. When

comparing the clinical features of 22q11.2 DS in each population, the proportion of individuals

within each clinical category was statistically different except for learning problems and ear

anomalies (P < 0.05). However, when Africans were removed from analysis, six additional

clinical features were found to be independent of ethnicity (P ≥ 0.05). Using facial analysis

technology,we compared156Caucasians, Africans, Asians, and Latin American individualswith

22q11.2DSwith156age andgendermatched controls and found that sensitivity and specificity

were greater than 96% for all populations. In summary, we present the varied findings from

global populations with 22q11.2 DS and demonstrate how facial analysis technology can assist

clinicians inmaking accurate 22q11.2DS diagnoses. Thisworkwill assist in earlier detection and

in increasing recognition of 22q11.2 DS throughout the world.

K E YWORD S

22q11.2 Deletion syndrome, DiGeorge syndrome, diverse populations, facial analysis

technology, Velocardiofacial Syndrome

1 | INTRODUCTION

22q11.2 deletion syndrome is the most common microdeletion

syndrome with an estimated prevalence of 1:3000 to 1:6000 children

and 1:1000 unselected fetuses (Botto et al., 2003; Grati et al., 2015;

McDonald-McGinn et al., 2015;Wapner et al., 2012). This condition is

characterized by congenital heart disease (especially conotruncal

defects), immunodeficiency, hypoparathyroidism, palatal, gastrointes-

tinal, skeletal and renal abnormalities, characteristic facial features,

developmental and speech delay, and an increased risk for psychiatric

illness; early recognition is imperative (McDonald-McGinn, Emanuel, &

Zackai, 1993; Oskarsdottir, Persson, Eriksson, & Fasth, 2005). Clinical

presentation varies by age and is often due to clinical suspicion based

on multiple findings; however, the phenotype is variable and different

ethnicities may make the diagnosis more difficult (McDonald-McGinn

et al., 2015).

Most studies to date have focused on individuals of European

descent and investigators have found the diagnosis more difficult in

diverse populations (Liu et al., 2014; McDonald-McGinn et al., 2005;

Veerapandiyan et al., 2011). Two groups have found the craniofacial

dysmorphisms in African Americans to be different than the standard

recognized anomalies found in Caucasians (McDonald-McGinn et al.,

2005; Veerapandiyan et al., 2011). In a large Chinese adult population

with conotruncal defects, facial features of individuals with 22q11.2

DS were under-recognized and 22q11.2 DS was under-diagnosed

(Liu et al., 2014). Liu et al. (2014) found that in every 10 adult patients

with conotruncal anomalies, 1 previously unrecognized diagnosis of

22q11.2 DS was present. Another group studying Chinese individuals

found that all 43 of their study participants with 22q11.2DS had typical

facial findings consisting of a vertically long face, narrow palpebral

fissures, fleshy nose with a broad nasal root, flattened malar region,

retrognathia, and overfolded helix; however, this was not a prospective

study and it is difficult to determine if these findings would have been

made without knowing the molecular diagnosis (Wu et al., 2013).

Clinical descriptions of Latin Americans is scarce; one large studyof 208

patients describedmulti-systemic anomalies in a Chilean population but

did not include facial features (Repetto et al., 2009).

Here we compare the physical exam findings of individuals from

different populationswith 22q11.2DS andwe demonstrate how facial

analysis technology can assist clinicians in making accurate 22q11.2

DS diagnoses across diverse populations.

2 | METHODS

2.1 | Review of medical literature

Studies that characterize 22q11.2 deletion Syndrome (22q11.2 DS)

from diverse populations were found in a Medline search. The search

terms used included: 22q11.2 deletion Syndrome, DiGeorge
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Syndrome, Velocardiofacial Syndrome, diverse populations, and facial

analysis technology. Further studies were ascertained using reference

lists of papers pertaining to 22q11.2 DS. After obtaining journal

permissions, photos of 22q11.2 DS patients were used to supplement

study participants described below (De Decker et al., 2016; Grassi

et al., 2014; Liu et al., 2014; Uwineza et al., 2014; Veerapandiyan et al.,

2011).

2.2 | Patients

One hundred and six individuals with 22q11.2DSwere evaluated from

11 countries. All participants (Supplementary Table S1) had 22q11.2

DS confirmed by various forms of molecular testing including

fluorescence in situ hybridization (FISH), multiplex ligation-dependent

probe amplification (MLPA) or chromosomal microarray. For this

study's purpose, patients were grouped by geographic area of origin or

ethnicity (African and African American, Asian, Latin American) with

the understanding that phenotypes may vary considerably in similar

geographic regions and ethnicities. Local clinical geneticists examined

patients for a number of clinical features found in 22q11.2 DS

including characteristic facial features, congenital heart disease,

palatal abnormalities, immune deficiency, skeletal anomalies,

renal anomalies, endocrine abnormalities, and learning problems

(McDonald-McGinn et al., 1993).

Consent was obtained by local institutional review boards and the

Personalized Genomics protocol at the National Institutes of Health

(11-HG-0093). Exam findings from the current study and those from

the medical literature were compiled in a table for review (Table 1).

2.3 | Facial analysis technology

As previously described (Kruszka et al., 2017), digital facial analysis

technology (Cerrolaza et al., 2016; Zhao et al., 2013; Zhao, Okada,

et al., 2014; Zhao, Werghi, et al., 2014) was used to evaluate the 156

individuals with 22q11.2 DS from this study. Additionally, we used

healthy controls fromour previously described database (Zhao,Okada,

et al., 2014; Zhao et al., 2013). Cases and controls were matched by

ethnicity, age, and gender. Only frontal images were analyzed by this

technology.

Using the images of our study participants as input to our

algorithms, output consisted of feature extraction, feature selection,

and classification. After face detection and landmark positioning, as

explained in Zhao, Okada, et al., (2014), a set of 126 facial features,

including both geometric and texture biomarkers, were extracted. The

geometric biomarkers consisted of a set of distances and angles

calculated between the different inner facial landmarks, as represented

in Figure 1. As robust markers of monotonic illumination changes, local

binarypatterns (Ojala, Pietikäinen,&Harwood,1996)werecalculatedat

each of the 33 inner facial landmarks to quantify texture information

(Figure 1). Texture is a quantitative measurement of the spatial

arrangement of intensities in a selected region of an image. Every local

binary pattern represents a histogram of the contrast information

centered at one landmark, which quantifies information such as

shadows and lines on the faces. Using a 2-dimensional extension of

linear discriminant analysis (Ye, Janardan, & Li, 2004), the texture

information was used to create optimal landmark-specific texture

features, as presented in Cerrolaza et al. (2016). From the collection of

geometric and texture features, themost significant oneswere selected

using the method proposed previously (Cai, Zhang, & He, 2010). For

each feature set, a support vector machine classifier (Cortes & Vapnik,

1995) was trained using a leave-one-out cross-validation strategy

(Elisseeff & Pontil, 2003). The optimal number of features was selected

as theone thatmaximized the classification accuracy. As anestimator of

the individual discriminant power of each feature selected, the P-value

of each feature was also estimated using the Student's t-test.

Significancebetweenmethodsused todetect 22q11.2DSwasassessed

using Fisher's exact test.

3 | RESULTS

Clinical informationwas collected on 106 individuals and photo images

were collected from 101 individuals with 22q11.2 DS from 11

countries; average age was 11.7 years (range newborn to 43 years;

SD = 10.1 years) and 47% were male (Supplementary Table S1); 10 of

these individuals had been published previously (Liu et al., 2014;

Uwineza et al., 2014). Additionally, 26 images from the medical

literature were added to make a total of 127 images (Figures 2–4).

Figures 2–4 demonstrate facial features in individuals of African

(n = 60), Asian (n = 27), and Latin American (n = 40) heritage, respec-

tively. Figure 5 focuses on hand findings and Figure 6 shows lower

extremity findings. Table 1 shows exam findings in our study and the

medical literature stratified by population. The clinical features of

22q11.2 DS described previously (McDonald-McGinn et al., 1993;

Oskarsdottir, Holmberg, Fasth, & Stromland, 2008; Oskarsdottir et al.,

2005) are listed in Table 1.

In both this study and the medical literature, clinical findings are

varied. Only two findings in the present study, congenital heart

disease and learning problems, were found in greater than 60% of

participants. In the medical literature, most but not all studies

reported a majority of participants with congenital heart disease

(Table 1). Using the χ2 and the null hypothesis that the phenotype of

22q11.2 DS is independent of ethnicity of geographical origin for

this study, we found that only two features of this syndrome were

independent of the population sampled (P ≥ 0.05): learning problems

and ear anomalies (Table 1). These differences in phenotype are

largely due to the interpretation of individuals of African descent. If

Africans are taken out of the analysis, eight of the clinical features of

22q11.2 DS for this study are found independent of ethnicity

(P ≥ 0.05; χ2 test) including learning problems, developmental delay,

palatal abnormalities, narrow palpebral fissures, nose anomalies,

hooded eyelids, psychiatric illness, and ear anomalies. Compared to

our study, the findings in the medical literature (Table 1) are difficult

to interpret as different studies concentrate on different aspects of

the phenotype of 22q11.2 DS.

Subjective exam facial findings are highlighted here as character-

istic features that have been classically noted in individuals of northern

European heritage (McDonald-McGinn et al., 2005). Nasal anomalies

in the present studywere found in 89%ofAsian individuals and 80%of
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Latin Americans, but only in 30% of individuals of African descent

(P < 0.001). In the medical literature, McDonald-McGinn et al. (2005)

found that only 15% of African Americans had a characteristic nasal

difference and Veerapandiyan et al. (2011) found nasal anomalies in

40% of African Americans; however, other populations range from

53% to 100% (Table 1). Hooded eyelids in the present study were

found in 90% of Asians and 83% of Latin Americans, but only 19% of

Africans and African Americans. Similarly in the medical literature,

hooded eyelids ranged from 36% to 100% except for McDonald-

McGinn et al. (2005) group finding of 6% in African Americans and

Veerapandiyan et al. (2011) finding of 12% of their African American

cohort. Narrow palpebral fissures in our study were reported in only

9% of individuals of African descent, but in 69% of Asians and 74% of

Latin Americans; in the medical literature, Veerapandiyan et al. (2011)

found 22% of African Americans to have narrow palpebral fissures.

Independent of population studied (P = 0.15), ear anomalies were

common in our cohort and other studies examined in Table 1 with

anomalies ranging from 64% to 91% except for the Grassi et al. (2014)

study that found only 48% of their Brazilian cohort to have ear

findings.

A more objective evaluation using facial analysis technology,

Table 2 shows the age and geographic origin of cases and controls

studied, consisting of Caucasians, Africans or African Americans,

Asians, and Latin Americans. A total of 156 participants with

22q11.2 DS and 156 healthy controls from our previous database

(Zhao et al., 2013; Zhao, Okada, et al., 2014) were evaluated

(Table 2). Using the previously described method for feature

extraction and analysis (Cerrolaza et al., 2016; Kruszka et al., 2017;

FIGURE 1 Facial landmarks on a 22q11.2 deletion syndrome
patient. Inner facial landmarks are represented in red, while
external landmarks are represented in blue. Blue lines indicate
the calculated distances. Green circles represent the corners of
the calculated angles. Texture features are extracted only from
the inner facial landmarks.

FIGURE 2 Frontal and lateral facial profiles of individuals of African descent with 22q11.2 deletion syndrome. Gender, age, and country of
origin found in Supplementary Table S1. aIndividual previously published in Uwineza et al. (2014); bReprinted from De Decker et al. (2016);
cVeerapandiyan et al. (2011).

KRUSZKA ET AL. | 883



Zhao, Okada, et al., 2014), the four ethnic groups (Caucasian,

African, Asian, and Latin American) only shared two geometric

biomarkers that were significantly different from ethnically

matched controls: increased distance between medial canthi

(telecanthus) and decreased distance between medial and lateral

canthi, also known as short palpebral fissures (Supplementary

Tables S2–5). The Caucasian group had the least number of

significant geometric features at five compared to the African group

FIGURE 3 Frontal and lateral facial profiles of Asian individuals with 22q11.2 deletion syndrome. Gender, age, and country of origin found
in Supplementary Table S1. dIndividual previously published in Liu et al. (2014).

FIGURE 4 Frontal and lateral facial profiles of Latin Americans with 22q11.2 deletion syndrome. Gender, age, and country of origin found
in Supplementary Table S1. eReprinted from Grassi et al. (2014).
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at seven and the Asian and Latin American groups each at 9

(Supplementary Tables S2 and S5). The African and Asian groups

were most similar, sharing six significant geometric features that

were different from their, respectively, matched controls including:

telecanthus, short palpebral fissures, angle at nose root, increased

upper lip width, increased angle of ala of the nose, and decreased

distance between oral commissures (narrow mouth).

Sensitivity, specificity and diagnostic accuracy were 0.833,

0.859, and 0.846, respectively for a combined analysis of the entire

cohort (n = 156 cases; n = 156 controls) using only geometric

features (Table 3). However, when using both geometric and

texture measures, sensitivity increased to 0.962, specificity to

0.936 and accuracy to 0.949 (P ≤ 0.001 for all, Table 3). All four

population groups (Caucasian, African, Asian, and Latin American)

FIGURE 5 Hand findings. Image numbers correspond with Supplementary Table S1. dIndividual previously published in Liu et al. (2014).

FIGURE 6 Foot findings. Image numbers correspond with Supplementary Table S1. dIndividual previously published in Liu et al. (2014).
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improved significantly in sensitivity, specificity, and accuracy when

combining geometric and texture features for distinct ethnic

groups (P ≤ 0.001 for all, Table 3). Supplementary Figures 1–4

graphically demonstrate how the addition of features improves the

measures of sensitivity, specificity, and accuracy. Supplementary

Tables S2–5 presented the relevant features for the diagnosis of

22q11.2 DS for each population, as selected by the digital facial

analysis technology.

4 | DISCUSSION

Based on the prenatal prevalence of 22q11.2 deletions identified in

non-selected fetuses (∼1:1,000), 22q11.2 DS syndrome is an

underdiagnosed condition in the general population but even

more so in developing countries and diverse populations. Many

patients are ascertained secondary to congenital heart disease (75%

in our cohort), leaving less severely affected individuals undiag-

nosed. The goal of this study was to characterize the similarities and

differences in clinical findings of 22q11.2 DS in diverse populations

and examine the ability of facial analysis technology to assist in

diagnosis. We believe that studies like this (Kruszka et al., 2017) and

our recently created website, www.genome.gov/atlas, (Atlas of

Human Malformations in Diverse Populations, 2016) will assist

providers in making a diagnosis/an earlier diagnosis and address

known comorbidities of 22q11.2 DS such as the need for irradiated

blood for cardiopulmonary bypass or blood transfusion, immunode-

ficiency and hypocalcemia, cascade testing of family members, and

genetic counseling (Bassett et al., 2011; Fung et al., 2015; Kobrynski

and Sullivan, 2007), especially when there is limited access to

laboratory testing. In our diverse cohort of individuals with 22q11.2

DS, we were able to draw important conclusions from the findings

for individuals with 22q11.2 DS in different populations.

Our first finding mirrors previous studies (De Decker et al., 2016;

McDonald-McGinn et al., 2005; Veerapandiyan et al., 2011;Wichajam

and Kampan, 2014) demonstrating that the clinical presentation is

variable among different populations group, making the diagnosis

potentially difficult. Our group of examiners for the present study and

groups in the medical literature had the most difficulty diagnosing

individuals of African descent with 22q11.2 DS. As noted above, only

learning problems and ear anomalies were present in similar ratios

(P ≥ 0.05) across ethnicities when individuals were evaluated subjec-

tively; however, when removing the African and African American

TABLE 3 Results of facial analysis technology applied to diverse populations of individuals with 22q11.2 DS

Number of features AUC Accuracy Sensitivity Specificity

Global

Geometric 18 0.899 0.846 0.833 0.859

Geometric + texture 29 0.987 0.949 0.962 0.936

Caucasian

Geometric 27 0.832 0.788 0.661 0.915

Geometric + texture 25 0.978 0.966 0.966 0.966

African and African American

Geometric 12 0.908 0.870 0.926 0.815

Geometric + texture 22 0.997 0.981 1.000 0.963

Asian

Geometric 26 0.941 0.926 0.926 0.926

Geometric + texture 21 0.967 0.981 1.000 0.963

Latin American

Geometric 4 0.906 0.906 0.875 0.938

Geometric + texture 26 1.000 1.000 1.000 1.000

*AUC—area under the receiver operating characteristic curve.

TABLE 2 Population data used in facial analysis technology

22q11.2 DS
(N = 156) Controls (N = 156)

Number % Number %

Age

Newborn 0 0% 0 0%

Infant 36 34% 36 34%

Toddler 30 28% 30 28%

Child 56 53% 56 53%

Adolescence 14 13% 14 13%

Adult 20 19% 20 19%

Total 156 156

Ethnicity

Caucasian 59 56% 59 56%

African Descent 54 51% 54 51%

Asian 27 25% 27 25%

Latin-American 16 15% 16 15%

Total 156 156

Gender

Male 83 78% 83 78%

Female 73 69% 73 69%

Total 156 156

886 | KRUSZKA ET AL.

http://www.genome.gov/atlas


cohort, the number of clinical features that were present in similar

ratios across ethnicities (P ≥ 0.05) increased from two to eight.

Subjective exam findings such as those shown in Table 1 are

difficult to compare due to differences in examiners and reported

outcomes, making an objective strategy such as facial analysis

technology more attractive. As our second conclusion, we found

that digital facial technology also finds differences between popula-

tion groups. Interestingly, the facial analysis data also recognized one

population group that was different, but it was the Caucasian cohort.

All four groups (Caucasian, African, Asian, and Latin American) only

shared two common geographic facial analysis features: telecanthus

and narrow palpebral fissures (Supplementary Tables S2–5). However,

if the Caucasian cohort was removed, the other three groups shared

four geographic features including telecanthus, short palpebral

fissures, angle of the ala of the nose, and narrow mouth.

The final and possibly the most important conclusion of this study

is the accuracy of digital facial technology which we propose as an

alternative to cytogenetic/molecular testing in diverse populations

when laboratory studies are not available. The sensitivity of facial

analysis technology is equal to or greater than 96.6% for each diverse

population, and specificity is equal to greater than 96.3% (Table 3).

When using a scoring system designed from a European cohort

(Oskarsdottir et al., 2005), De Decker et al. (2016) found the scoring

system to only have a positive predictive value of 14%when applied to

125 South African individuals with congenital heart disease. Applying

the prevalence of 22q11.2DS cases in DeDecker et al.'s South African

study of 4.8%, our facial analysis technology application would give a

positive predictive value of 55% using the sensitivity and specificity

found in Table 3, a fourfold increase over the diagnostic criteria used in

their study (De Decker et al., 2016). As noted above, Liu et al. (2014)

found that one individual with 22q11.2DS goes undiagnosed for every

10 individuals in their cohort of Chinese adults with conotruncal heart

defects. Using the prevalence in Liu et al., (2014) cohort and the

sensitivity and specificity in Table 3 for the Asian cohort, the positive

predictive value of facial analysis technology would have been 78%

and the high sensitivity of our assay would have picked up all cases of

22q11.2 DS in their study. The accuracy of digital facial analysis

technology is already well known in Down syndrome (Kruszka et al.,

2017; Zhao, Okada, et al., 2014), and with the wide spread availability

of hand held devices throughout theworld, this study proposes the use

of this technology across diverse populations.

The ethical implications of associating genetic diagnoses with

diverse populations are potentially a source of disconcert for some,

especially when considering historical concerns about the association

of biological classifications and racial and ethnic categories. These

issues have been reviewed in depth (Koretzky et al., 2016) and are

considered beyond the scope of this study.

There are several potential limitations to this study. One challenge

was studying individuals across a wide range of ages. Clinical features

of 22q11.2 DS change with age (McDonald-McGinn et al., 2015) and

22q11.2 DS is ideally diagnosed in the newborn period; however, the

diagnosis is made in all ages. An inherent weakness of any study of this

type will be capturing the multitude of varying ethnicities found

throughout the world. Although this study encompasses many

participants and countries, it only represents a small fraction of the

global population. Additionally, much of the data of this study and

others are subjective and based on examiner judgment; for this reason,

we have employed digital facial analysis technology.

In conclusion, we have assembled a catalog of ethnically diverse

individuals with 22q11.2 DS, summarized the medical literature

pertaining to 22q11.2 DS and diverse populations, and conducted

objective evaluation with digital facial analysis technology to

demonstrate the differences in facial features. Based on our study,

we propose and predict that digital facial analysis technologies will

have widespread applicability to not just Caucasians with 22q11.2 DS,

but to those from diverse populations with 22q11.2 DS and other

conditions with distinctive dysmorphic features.
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