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ABSTRACT

Sex chromosome aneuploidies (SCAs), including Klinefelter syndrome (47,XXY), Turner syndrome (45,X), XYY syndrome, tri-
somy X (47,XXX), and rarer tetrasomies and pentasomies, affect approximately 1 in 400 births and are associated with a wide
range of developmental, cognitive, and physical health outcomes. While clinical research on SCAs has expanded over the past
two decades, it is unclear whether the populations included in these studies reflect the demographic diversity of those affected.
Assessing representation is critical to ensuring research findings are generalizable and applicable to diverse patient populations.
We conducted a systematic review of global clinical research on SCAs published in English between January 2004 and May 2024.
Searches were performed in Ovid MEDLINE ALL, Embase, and Web of Science. Studies were included if they enrolled > 10 par-
ticipants and excluded if they were case reports, reviews, or meta-analyses. We extracted data from 1474 studies on geographic
location, participant karyotypes, and demographic metrics, including race, ethnicity, and socioeconomic status (SES) reported.
Trends in demographic reporting were examined over time and by geographic region. For US-based studies reporting race/
ethnicity, we compared pooled participant demographics to national census data. SCA research is concentrated within a small
number of geographic areas, primarily in Europe (51.4%) and the United States (23.6%). Reporting rates of race or ethnicity for
US papers increased over the 20-year observation period, with an average increase of 1.5% + 0.4% per year (p=0.003), peaking in
2024 with 61.4% of US-based papers presenting demographics. When reported, studies consistently overrepresented White non-
Hispanic (p <0.001) and college-educated (p <0.001) participants relative to US census benchmarks. This systematic review re-
veals persistent gaps in the demographic reporting and representation of participants in SCA research. Even in the United States,
where population diversity is high, published studies do not reflect the expected racial, ethnic, and socioeconomic makeup of
affected individuals. To ensure that research findings are equitable and clinically relevant, future studies should adopt standard-
ized demographic reporting and prioritize inclusive enrollment strategies to reflect the full spectrum of individuals with SCAs.

© 2025 Wiley Periodicals LLC.
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1 | Introduction

Sex chromosome aneuploidies (SCAs) are a group of genetic con-
ditions characterized by the presence of an extra or a missing
sex chromosome. Together, SCAs affect approximately 1 in 400
live births and include Klinefelter syndrome (47,XXY), Turner
syndrome (TS, 45,X), trisomy X (47,XXX), XYY syndrome,
48,XXYY, and other rarer tetrasomies and pentasomies (Gravholt
et al. 2024; Stochholm et al. 2010). These conditions affect indi-
viduals of any sex and are associated with a range of neurodevel-
opmental, cognitive, reproductive, and physical health outcomes
(Tartaglia et al. 2024; Urbanus et al. 2023). While the volume
of research on SCAs has grown, it remains unclear whether the
participants included in clinical studies are representative of the
broader population affected by these conditions.

Representation in clinical research is critical to ensuring that
findings are generalizable, clinical guidance is evidence-based
for diverse populations, and existing health disparities are not
inadvertently reinforced. Race, ethnicity, and socioeconomic
status (SES) have been shown to influence access to care, partic-
ipation in research, and health outcomes across many conditions
(Cheng et al. 2015). The challenges of ensuring representative
research samples are magnified in rare disease research, where
small study populations limit opportunities to achieve demo-
graphic diversity. While some conditions may be enriched in
certain populations due to founder effects or environmental ex-
posures, SCAs are believed to occur with equal frequency across
all populations (Skuse et al. 2018). However, SCAs are signifi-
cantly underdiagnosed: an estimated 75% of individuals with
47,XXY and up to 90% with 47,XXX or 47,XYY remain undiag-
nosed (Davis et al. 2024). Importantly, disparities in access to
genetic testing have been well documented, with studies show-
ing that individuals from minoritized racial and ethnic groups
are less likely to be offered or accept genetic screening (Canedo
et al. 2019). This creates the potential for bias in who is diag-
nosed and who ultimately participates in research. However, the
increasing uptake of prenatal cell-free DNA (cfDNA) provides
an opportunity to shift the landscape, enabling earlier and more
equitable diagnosis, if care pathways are optimized.

The objective of this systematic review is to evaluate the demo-
graphic composition of participants included in original clinical
research studies on SCAs. Specifically, we assess reporting of
race, ethnicity, SES, and geographic location in peer-reviewed
publications over the past two decades. By characterizing demo-
graphic trends over time and comparing US study populations to
national census benchmarks, we aim to determine whether the
current literature accurately reflects the populations affected by
SCAs. These results have implications for clinical care and fu-
ture research priorities.

2 | Methods

This systematic review was conducted in accordance with PRISMA
guidelines, and the search strategy was registered with Prospero
(ID# CRD42024550312) prior to initiating the literature search
(Page et al. 2021). A comprehensive search strategy including both
controlled vocabulary and free-text terms related to SCAs was de-
veloped in collaboration with a health sciences librarian (ES) and

peer reviewed by a second librarian (see Table S1). The search
was performed on May 21, 2024, across the following databases:
Ovid MEDLINE ALL (1946-May 20, 2024), Embase (Embase.com,
1974-May 21, 2024), and Web of Science. Results were limited to
human studies published in English between January 2004 and
May 2024, inclusive of observational clinical studies, interventional
studies, and registries. Case reports, reviews, meta-analyses, edito-
rials, commentaries, letters, news, and meeting abstracts were ex-
cluded. The term “parsonage” was excluded to remove irrelevant
records related to Parsonage-Turner Syndrome.

The search retrieved 19,031 citations, which were downloaded
into EndNote version 21 and uploaded into Covidence, a sys-
tematic review management platform (Covidence, n.d.). A total
of 8451 duplicates were identified and removed by EndNote or
Covidence. The remaining 10,621 citations were screened with
titles and abstracts; 8651 were removed for not meeting inclu-
sion criteria (i.e., human studies on SCAs with at least 10 partic-
ipants), leaving 1929 for full-text review (Figure 1).

Because this search involves no patient-level data, it is exempt
from local institutional review board approval.

2.1 | Article Review and Data Extraction

Title and abstract screening were performed independently
by two reviewers (KSS, AZ, AS, SD, KS, AC, LG, KN, KM).
Discrepancies were resolved by consensus or adjudicated by
KSS. Of the 1929 articles identified for full-text review, a re-
viewer (AZ, AS, KS) retrieved the full-text manuscripts via open
access or InterLibrary Loan. Full texts were independently re-
viewed by two reviewers to determine inclusion eligibility, with
disagreements resolved by KSS. Four hundred fifty-five manu-
scripts were excluded at the full-text review stage for not meet-
ing inclusion criteria.

The final dataset comprised 1474 manuscripts. Data were ex-
tracted using an author-developed template that included
publication characteristics (title, year), author information (lo-
cation, contact), geographic region based on the location of the
corresponding author, study design, SCA conditions included,
general topic studied, number of participants, and participant
race, ethnicity, and any socioeconomic metrics (e.g., education,
income, insurance status, Hollingshead index). We used a broad
inclusion methodology, considering any mention of culturally
relevant race or ethnicity indicators (e.g., “all Nigerian” would
be counted as reporting race/ethnicity). Each manuscript ex-
traction was completed by one reviewer (KSS, AZ, AS, SD, KS,
AC, LG, KN, KM), with the first 20 extractions for each reviewer
verified by KSS. Any questions or discrepancies were resolved
through discussion with KSS.

2.2 | Statistical Analysis

Descriptive statistics are presented as medians with interquartile
ranges (IQR) for continuous variables and as n (%) for categor-
ical variables. Geographic distributions of included studies are
visualized globally and by US states using the usmap R package,
version 0.7.1. The proportion of studies reporting race, ethnicity,

620

American Journal of Medical Genetics Part A, 2026

85U8017 SUOWIWIOD 3A 118810 3|qeoldde ayy Aq peusenob a1e sajolie YO ‘SN Jo Sa|NJ o} Aeiq1T 8UlUO 8|1 UO (SUOIPUOD-PUE-SWLBIL0D A3 IM A Te1q 1[Bu 1 [UO//SdhL) SUOTIPUOD pUe SWie 1 84} 88S [9202/70/0T] Uo Akeiqiauliuo A8]IM ‘ZInyasuy opelojod JO A1sieAlun Ag 58zy9 e Bulle/z00T 0T/10p/wod A8 | Akeiqpuljuo//Sdny wouy pepeojumod ‘€ ‘9202 ‘SE8rZSST


http://embase.com

Studies from databases/registers (n = 10621)

References removed (n = 41)

Duplicates identified manually (n = 31)
Duplicates identified by Covidence (n = 10)

Studies screened (n = 10580)

> Studies excluded (n = 8651)

v

Studies sought for retrieval (n = 1929)

> Studies not retrieved (n=0)

v

Screening

Studies assessed for eligibility (n = 1929)

Studies excluded (n = 455)
Not in humans (n = 3)

Less than 10 pts (n = 12)

Wrong indication (n = 5)

Wrong study design (n = 118)
Prenatal study only (n = 27)

Paper no longer exists (n = 5)
Wrong patient population (n = 39)
Identification of SCA only (n = 116)
Other exclusion (n=130)

Studies included in review (n = 1474)

FIGURE1 | PRISMA flow diagram of included studies.

and/or any SES measure was calculated for all and then strati-
fied by specific SCA groups as well as US/International non-US
studies to identify global hubs for SCA research. To contextual-
ize geographic diversity in our analysis, we grouped countries
based on both geographic proximity and shared socioeconomic
or healthcare system characteristics as determined by the au-
thor group. For example, Northern European countries such as
Sweden, Denmark, and Norway were grouped together given
their similar public health infrastructures, population demo-
graphics, and research practices. This approach allowed for a
more meaningful interpretation of demographic trends and
study generalizability across regions with comparable societal
structures. Temporal trends in race/ethnicity and SES reporting
are visualized from 2004 to 2024. We evaluated linear regres-
sions to assess if an increase in reporting occurred over time as
well as general publication rates for SCA research. In 2013, NIH
reporting guidelines mandated race and ethnicity reports be in-
cluded in the publication of clinical research (National Institutes
of Health, n.d.). To assess if there was a difference after the
guidelines were released, race/ethnicity reporting rates prior to
2013 are compared to after 2013.

For studies within the United States reporting race and/or
ethnicity, we conducted a meta-analysis of proportions to es-
timate the pooled representation of racial and ethnic groups
across included studies. Specifically, for papers between 2014
and 2024, the weighted average of the percent of SCA par-
ticipants who were White non-Hispanic, Hispanic, Black or
African American, and Asian participants was calculated.
These racial/ethnic groups were chosen based on frequency
of reporting across studies. Weighted averages were calcu-
lated separately for each racial/ethnic category as the com-
mon effect across studies using the metaprop function in
the meta R package, version 7.0-0 (Balduzzi et al. 2019). The
inverse variance method was applied to weight the studies
proportional to their sample size. I> measures are reported
as a measure of heterogeneity across studies. Weighted pro-
portions are compared to the US census estimates using one-
sample z-tests (U.S. Census Bureau 2020). We conducted a
similar analysis for education level for the proportion of par-
ents with a college degree or greater. A type 1 error rate of 0.05
was assumed for all analyses. Analyses were performed in R,
version 4.4.1.
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TABLE1 | Description of included studies.

TABLE1 | (Continued)

Number of papers

Number of papers

Karyotype?
Turner syndrome
47,XXY
47.XYY
47, XXX
48, XXYY

Other tetra and pentasomies

Median n of participants per study

Turner syndrome

47, XXY

47,XYY

47,XXX

48, XXYY

Other tetra and pentasomies
Study design

Cross-sectional study

Cohort study

Chart review

Case control study

Randomized controlled trial

Non-randomized experimental
study

Case series
Basic science
Qualitative research
Other

Topic of study

Cardiac/cardiometabolic

Neurodevelopment/psych/mental

health
Physical phenotype
Other or multiple

Growth treatment

Overall (n=1474)
1006 (68.2%)
434 (29.4%)
83 (5.6%)
81 (5.5%)
29 (2.0%)
36 (2.4%)
55 (26-108)
57 (28-113)
44 (23-85)
24 (13.5-45)
27 (15-35)
19 (10-25)
17 (6-36)

550 (37.3%)
313 (21.2%)
231 (15.7%)
216 (14.7%)
45 (3.1%)
40 (2.7%)

23 (1.6%)
22 (1.5%)
22 (1.5%)
12 (1.2%)

235 (15.9%)
232 (15.7%)

208 (14.1%)
194 (13.2%)
149 (10.2%)

Fertility/fertility treatment 145 (9.9%)

Genetics/epigenetics 112 (7.7%)

Sex steroid hormones/hormone 101 (6.9%)

treatment

Quality of life/wellbeing 82 (5.6%)

Basic science 16 (1.1%)
(Continues)

Publication year
Prior to 2004
2004-2008
2009-2013
2014-2018
2019-2023
2024

Age of participants®
Newborns (< 1)
Toddlers (1-2)
Children (3-11)
Adolescents (12-17)
Young adults (18-29)
Middle adults (30-49)
Older adults (50-74)
Elderly (75+)

Funding source?®
No funder listed

Public funding

1(0.1%)
261 (17.7%)
324 (22.0%)
348 (23.6%)
509 (34.5%)

31 (2.1%)

172 (11.7%)
275 (18.7%)
771 (52.3%)
896 (60.8%)
944 (64.0%)
701 (47.6%)
271 (18.4%)
64 (4.3%)

645 (43.8%)
522 (35.4%)

Institutional funding 213 (14.5%)

Nonprofit funding 226 (14.4%)
Industry funding 130 (8.8%)
Other 16 (1.0%)

Note: Data are presented as N (%) or median [IQR].
aCategories are not mutually exclusive; therefore percentages do not add up to
100%.

3 | Results
3.1 | Study Characteristics

One thousand four hundred seventy-four manuscripts are in-
cluded in the analysis. Most papers included TS (45,X/variants)
(68.2%), representing a total of 163,816 participants (Table 1).
Papers on 47,XXY were the next most frequent (29.4%), while
all other SCAs were each represented in 2.0%-5.6% of stud-
ies. Studies included a median of 55 participants (IQR 26-108).
Almost all papers reported on observational studies. Overall,
cardiac/cardiometabolic topics were the most common
(15.9%), followed by neurodevelopment/psych/mental health
(15.7%), and physical phenotype (14.1%), although there was
variability by karyotype (Table S2). The number of SCA papers
published annually increased during the study period, averag-
ing 4.7 +£0.5 more papers published year over year (p <0.001,
Figure 1).
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FIGURE 2 | Global distribution of SCA research varies by karyotype, with prominent areas in the United States and Europe. Circled numbers
indicate (A) the number of manuscripts per 10 million residents from that region and (B) the total number of manuscripts from that region.

3.2 | Global Distribution of SCA Research

Visualizing the number of papers by global region revealed
most research being conducted in Europe (51.4%) followed by
the United States (23.6%) (Figure 2). There are almost no pub-
lications from Sub-Saharan Africa, and fewer than 22% were

conducted in Latin America, Asian, or African countries. In
47,XXX, 47,XYY, tetrasomy, and pentasomy conditions, 85.7%
of the studies were conducted in the United States or Western
Europe. While 8.9% and 5.8% of all TS papers were from Latin
America and Japan, respectively, these regions had no papers
including 47,XYY and only two including 47,XXX.
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FIGURE3 | US-basedresearch hubs. US-based distribution of 329 SCA clinical research manuscripts varies by karyotypes, with prominent states
including Maryland, California, Colorado, New York, Pennsylvania, and Florida. Legends indicate the number of clinical research manuscripts per

1 million residents by state.

3.3 | United States Regional Distribution

A more granular analysis of research locations within the United
States (Figure 3) reveals regional centers for SCA research in
Maryland, California, Colorado, New York, Pennsylvania, and
Florida. TS research was more geographically dispersed com-
pared to research for all other karyotypes.

3.4 | Trends in Inclusion of Demographic Data

Globally, 14.3% of manuscripts reported race and/or ethnicity
of study participants. This was significantly higher for US pa-
pers (34.4%) compared to non-US international papers (7.9%)
(p<0.001). Reporting rates of race or ethnicity for US papers
increased over the 20-year observation period, with an aver-
age increase of 1.5% +0.4% per year (p=0.003, Figure 4). After
NIH reporting guidelines were established in 2013 (National
Institutes of Health, n.d.), reporting rates of race or ethnicity for
US papers significantly increased from a mean of 26% +12.7%
to 40.2% + 14.9% per year. There was not an observed trend over
time for international studies.

3.5 | Comparison to US Census Demographics
For the US studies thatdid report race and/or ethnicity, the pooled

proportion of White non-Hispanic was significantly higher than
that of the US population (U.S. Census Bureau 2020), while the

proportion of Hispanic and Black participants was significantly
lower (Table 2). The overall heterogeneity, as measured with I2,
of proportions for race and/or ethnicity and SES across studies
was generally high, ranging from 86.2% to 96.4% indicating that
between-study variability was substantially higher than within-
study variability (Figure 5). While, on average, our included
studies differed from the US estimate for White non-Hispanic,
Hispanic, and Black participants, the between-study variability
is high, indicating that non-included or future studies could still
be within range of the census report.

When broken up by SCA, trends stay generally consistent with
significantly higher proportions of White non-Hispanic (rang-
ing 68.3%-87%) and lower proportions of Black or African
American participants (ranging 4.4%-8.7%) compared to
the US census (57.8% and 13.7%, respectively) (Table 3).
Significantly lower proportions of Hispanic and Asian partic-
ipants were seen in 47,XXY and All Other SCT cohorts, but
not in 45,X included cohorts. While I? dropped as low as 3.1%
for the All Other SCT cohorts, this low heterogeneity could
be attributable to the smaller number of studies, putting more
weight on within-study variance relative to between-study
variance.

3.6 | SES Reporting Trends

In the last 20years, 11.1% of total papers have presented one
or more SES metrics for participants, which was significantly
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FIGURE 4 | Reporting of race and/or ethnicity over time. Stacked line graphs over time reveal the inclusion of race and/or ethnicity in SCA re-
search is increasing from 2004 to 2024 in the United States, though international studies are stable. The 2013 NIH guidelines on reporting race and

ethnicity in research is indicated with the red dashed line.

TABLE 2 | Meta-analysis of race/ethnicity and SES proportions for SCA studies in the United States compared to the 2020 US census (U.S. Census

Bureau 2020).
US estimate (%) # of studies Pooled percentage (95% CI) Pvalue 4]
Race/ethnicity
White non-Hispanic 57.8 56 75.1% (71.8%-78.2%) 96.4% <0.001
Hispanic 19.5 49 12.5% (10.2%-15.3%) 93.4% <0.001
Black or African American 13.7 55 7.4% (6.3%-8.6%) 86.2% <0.001
Asian 6.4 21 4.1% (2.6%—6.5%) 93.0% 0.060
College degree or greater 37.0 19 54.6% (42.6%-58.4%) 92.8% 0.002

higher for US compared to non-US papers (25.4% vs. 8.9%,
p<0.001). Figure 6 demonstrates that though there is not a
statistically significant increase in reporting SES for US-based
papers, there is a general upward trend. Results show a <1% in-
crease (0.65% %+ 0.4%, p=0.088) in SES presentation, with a nadir
in 2007 and a peak in 2015.

For studies within the United States reporting one or more
SES metrics, many used custom categorical or ordinal scales
(e.g., income brackets or 0 for primary school to 3 for uni-
versity education) (Simm and Zacharin 2006). The lack of
uniform metrics limited pooled analyses across studies for
statistical comparison to national benchmarks. Educational
attainment (either for the participant or the parent(s) of a
child participant) was the most common SES metric presented
(10.5%). Of the 19 papers that presented parental educational
attainment, the pooled and weighted mean percentage for
college degree or higher was 54.6% (42.6%-58.4%), which is
significantly higher than the 2020 US census rates (Samango-
Sprouse et al. 2015) of 37.0% for bachelor's degree or higher
(p=0.002). A minority of US-based studies utilized stan-
dardized indices such as the Hollingshead Four-Factor Index
(2.9%) and only one paper presented the Area Deprivation

Index. Of the 20 papers which reported the Hollingshead
Index, the pooled and weighted mean (95% CI) estimate was
50.1 (46.7, 53.5), which is equivalent to the second highest so-
cial strata.

3.7 | Demographics as Analytical Variables

Of the 160 US studies that presented any race/ethnicity or
SES variable, 27 included the race/ethnicity or SES metrics in
their analyses. Eight papers matched their control populations
on race/ethnicity (3), SES (3), or both (2) (Alzahrani 2024;
Blunden et al. 2021; Kruszka et al. 2020; Lee et al. 2012; Lee
et al. 2011; Lukowski et al. 2020; Udhnani et al. 2018; Wade
et al. 2014). Twelve studies incorporated race/ethnicity (4), SES
(4), or both (4) as covariates in analytic models but did not re-
port results specific to these variables (Davenport et al. 2020;
Ehrhart et al. 2018; Giedd et al. 2007; Hoag et al. 2022; Janusz
et al. 2020; Reardon et al. 2016; Sandberg et al. 2019; Tran
et al. 2019; Turriff et al. 2011; Turriff et al. 2015; Vijayakanthi
et al. 2022; Wooten et al. 2008). Seven studies incorporated
race/ethnicity (3), SES (3), or both (1) in their analysis and
presented results about the impact of this metric on relevant
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outcomes (Table 4) (Davenport et al. 2010; Donate et al. 2023; et al. 2018). Among these, two found no impact of the de-
Hamberis et al. 2020; Kremen et al. 2023; Martin-Giacalone mographic metric(s) while five did find significant impacts
et al. 2023; Reinhartsen et al. 2021; Samango-Sprouse (Figure 7).

Study Events Total Proportion 95%-Cl  Weight
Berry, 2023 258 27 : 095 092,097  1.8%
Birjiniuk, 2023 83 182 - : 046  [0.38;053]  2.1%
Blunden, 2021 3 35 P — 094  [0.81;099]  0.9%
Bustamante, 2024 14 108 =— : 013 [0.07;0.21] 1.8%
Carl, 2024 56 69 - 0.81  [0.70; 0.90] 1.7%
Chenbhanich, 2023 7138 9845 073 [0.72;0.73] 2.2%
Chew, 2018 11 14 — 079  [049;095  1.0%
Corbitt, 2018 88 88 Lo 1.00  [0.96;1.00)  0.3%
Cung, 2022 21 21 — 0.78  [0.58;0.91] 1.4%
Dabrowski, 2020 15 25 —_— 060 [0.39;0.79]  1.5%
Davis, 2016 67 93 - 072 062,081  1.9%
Davis, 2017 67 93 - 072 062,081  1.9%
Davis, 2019 17 20 —— 085 062,097  1.0%
Davis, 2020 62 82 - 076  [0.65084]  1.9%
Davis, 2022 623 1000 : 062 [0.59;0.65]  2.2%
Davis, 2024 1155 1609 072 [0.70;0.74]  2.2%
Donate, 2023 50 72 = 069 [057;080]  1.9%
Ehrhart, 2018 215 239 : 090  [0.85,0.93]  2.0%
Falsey, 2022 202 226 : 089  [0.85,0.93]  2.0%
Gropman, 2021 59 67 e 088  [0.78;0.95]  1.6%
Guzewicz, 2021 55 74 — 0.74  [0.63;0.84] 1.8%
Hamberis, 2020 157 239 ol 066  [059,072]  2.1%
Hamzik, 2023 61 85 - 072 [0.61;0.81] 1.9%
Hanson, 2024 166 177 0.94  [0.89;0.97] 1.7%
Hoag, 2022 7 10 - 070  [0.61;0.78] 2.0%
Holmes, 2022 244 288 0.85  [0.80;0.89] 2.1%
Howell, 2021 569 632 : 090 [087;092]  21%
Janusz, 2020 45 67 - 067  [0.55,0.78]  1.9%
Kang, 2024 124 143 D 087  [0.80;092]  1.9%
Kelley, 2017 % 149 : 024  [0.18;032]  2.0%
Kremen, 2023 358 573 , 062  [0.58; 0.66] 2.2%
Lara, 2017 7 " —_— 064  [0.31;0.89 1.0%
Lasutschinkow, 2020 56 69 - 0.81  [0.70;0.90] 1.7%
Lenroot, 2014 30 35 5 0.86  [0.70;0.95] 1.3%
Lukowski, 2020 28 44 — 064  [048,0.78  1.7%
Martin-Giacalone, 2023 876 1872 : 047  [045049]  22%
Morgan, 2019 269 447 : 060  [0.55065  22%
Pham, 2024 91 151 - 060 [052,068  2.0%
Rashid, 2014 6 20—+ 030 [012,054]  1.3%
Reimann, 2018 % 110 oy 087  [0.80;0.93]  1.8%
Reimann, 2020 122 142 e 086 [0.79;091]  1.9%
Richardson, 2022 53 60 —r 088  [0.77,0.95]  1.5%
Rodriguez-Buritica, 2023 197 236 083  [0.78;0.88] 2.0%
Ross, 2017 63 84 - 075  [0.64;084]  1.9%
Rothbauer, 2015 193 219 : 088 083092  20%
Samango-Sprouse, 2021 66 85 . N 0.78  [0.67;0.86] 1.9%
Sheanon, 2021 106 120 e | 088  [0.81;093]  1.8%
Singh, 2021 2046 2978 : 069  [067;0.70]  2.2%
Singh, 2022 1145 1988 : 058  [0.55,0.60]  2.2%
Thompson, 2020 15 2 —i— 071 [048;089]  1.3%
Turriff, 2015 286 310 : 092  [0.89;0.95]  2.0%
Turriff, 2017 217 310 089  [0.85;0.93] 2.0%
Vijayakanthi, 2022 9 37— 024 [0.12;0.41] 1.6%
Vogiatzi, 2021 67 93 - 072 [0.62;0.81] 1.9%
Wasserman, 2018 262 355 0.74  [0.69;0.78] 21%
Wigby, 2016 60 74 -'-'— 081 [0.70;089]  1.8%
Random effects model 26573 Q 0.75[0.72; 0.78] 100.0%
Heterogeneity: I* = 96%, 1° = 0.3482, p < 0.01
02 04 06 08 1
FIGURE5 | Legend on next page.
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FIGURE 5 | Meta-analysis forest plot for White non-Hispanic prevalence across US studies. Forest plot depicting meta-analysis results for all
papers, representing all SCAs, which report White non-Hispanic proportions between 2014 and 2024. Events represent the number of White non-
Hispanicincluded in the study. Total represents the total number of people included in the study, factoring out participants whose race/ethnicity were
reported as unknown. Weights are calculated as the inverse of the variance such that papers with higher sample sizes and therefore lower variability
are given higher weights. Points and error bars represent the proportion and 95% confidence intervals, respectively, of White non-Hispanic partici-

pants. The random effects model presents the pooled proportion and 95% confidence interval, 0.75 [0.72-0.78]. Heterogeneity measures the variabili-

ty of estimates across studies, where an I? estimate closer to 100% indicates substantial between-study variability relative to within-study variability.

TABLE 3 | Meta-analysis of race/ethnicity and SES proportions by SCA compared to the 2020 US census.

45,X 47,XXY All others
US estimate Pooled Pooled Pooled
(Covidence, n.d.) percentage percentage percentage
(%) # I? (95% CI) # I? (95% CI) # I? (95% CI)
Race/ethnicity
White 57.8 32 97.0% 68.3%*** 15 92.7% 78.3%*** 10 64.7% 87.0%***
non- (63.3%-72.8%) (72.1%-83.5%) (82.5%-90.5%)
Hispanic
Hispanic 19.5 28  93.4% 17.6% 12 72.6% 8.9%*** 8 3.1% 5.6%***
(14.0%-21.8%) (6.7%-11.7%) (3.9%-8.1%)
Black or 13.7 34  84.8% 7.3%*** 14  83.9% 8.7%*** 7 54.8% 4. 49%%**
African (6.0%-9.0%) (6.6%-11.3%) (2.3%-8.3%)
American
Asian 6.4 20  93.3% 4.2% 11  63.0% 2.9%*** 6  40.4% 3.3%*
(2.6%-6.7%) (2.1%-4.0%) (1.7%-6.4%)
College 37.0 9 851% 47.2%** 6  96.3% 51.0% 4 80.1% 59.8%*
degree or (39.1%-55.4%) (31.0%-70.6%) (39.6%-77.1%)
higher
Note: p-values represent one-sample z-tests compared to the US census report.
*p<0.05.
**p <0.01.
%) <0.001.
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FIGURE 6 | Reporting of SES over time. US-based studies trend toward an increase in SES metrics in SCA research from 2004 to 2024 while in-

ternational studies remain stable.
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TABLE 4 | Summary of SCA studies that incorporated demographic variables in analyses.

Year SCA Metric Findings
1 2010 45X Daytime care setting Abnormal hearing was associated with the child's daytime
care setting being outside the home (e.g., daycare) compared
to in-home settings (Davenport et al. 2010)
2 2018 XXY Parental education Higher parental education was a predictor of higher
child IQ (Samango-Sprouse et al. 2018)
3 2020 45X Race/ethnicity Race and ethnicity did not impact changes in pure tone
average on audiological exam (Hamberis et al. 2020)
4 2021 45X Maternal education No association was found between maternal education and
child language performance (Reinhartsen et al. 2021)
5 2023 45X Race/ethnicity Higher prevalence of 45,X among White non-Hispanic mothers, followed
by Hispanic, and non-Hispanic Alaska Native, American Indian, or Pacific
Islander, and non-Hispanic Black mothers (Martin-Giacalone et al. 2023)
6 2023 45X Race/ethnicity Hispanic and non-White patients were less likely to be aware of their
karyotype compared to White non-Hispanic patients (Donate et al. 2023)
7 2023 45X Insurance, race Neuropsychological concerns were independently associated with
Medicaid insurance, but not with race (Kremen et al. 2023)
100%1
2 s Only SES Reported
o B Only Race and/or Ethnicity Reported
= B Race and/or Ethnicity and SES Reported
O 75%1
o)
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o
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FIGURE7 | Combined inclusion of race/ethnicity and/or SES variables. US-based studies trend toward an increase in reporting of SES, and race/

ethnicity, but not both, in SCA research from 2004 to 2024.

4 | Discussion

This systematic review provides a comprehensive overview of
clinical research on SCA conditions across the world, with a
focus on participant demographics and geographic representa-
tion. Our findings suggest that the existing SCA literature does
not accurately reflect the population of individuals living with
these conditions. Studies are heavily weighted toward TS, con-
centrated in the United States and Western Europe, and reflect
an imbalanced distribution of (or mostly reflect) White, affluent,
educated participants. These gaps have significant implications
for the generalizability of findings, the development of evidence-
based guidelines, and equity in SCA research.

A major limitation of the current SCA research landscape is the
inconsistent reporting of participant demographics. Despite the
heterogeneous population within the United States, fewer than
half of US-based studies included information on race, ethnic-
ity, or SES. While reporting improved over time, potentially

influenced by the 2013 mandate requiring the inclusion of race
and ethnicity in NIH-funded studies, there remains substantial
room for progress (Gogovor et al. 2021). Comprehensive report-
ing of demographic variables is essential for understanding how
health outcomes may vary across populations and for identifying
disparities in diagnosis, access to care, and treatment response
(Lee et al. 2023). Without this information, it is impossible to
determine whether clinical research is inclusive, study samples
reflect the broader population, and observed findings can be
generalized to all individuals with SCAs.

Among the US-based studies that did report participant de-
mographics, we observed striking underrepresentation of ra-
cially, ethnically, and socioeconomically diverse populations.
Compared to US census data, study populations were dispro-
portionately composed of White non-Hispanic participants and
individuals from more affluent, highly educated backgrounds.
These findings are especially concerning given that SCAs arise
from random chromosomal errors during meiosis and, unlike
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many genetic or environmentally acquired conditions, should
occur with roughly equal frequency across all racial, ethnic, and
socioeconomic groups (Skuse et al. 2018). Disparities in study
representation likely reflect structural barriers in access to
healthcare, inequities in genetic testing, and differences in refer-
ral patterns for specialty care and research (Matalon et al. 2023).
As prenatal screening becomes more widespread, with increas-
ing diagnoses in infancy and early childhood, it is essential
that research infrastructure be prepared to engage a broader
and more diverse participant base (Howard-Bath et al. 2018).
Ensuring representative research is not only a matter of scien-
tific rigor but a matter of health equity and justice.

Multiple factors may contribute to the demographic skew ob-
served in SCA studies. Families with greater resources, finan-
cial, educational, or geographic, are more likely to receive a
timely diagnosis, access specialized care, and engage in longitu-
dinal research (Kim et al. 2024; Wang et al. 2015). Meanwhile,
underdiagnosis remains a major challenge in SCAs, particularly
among the trisomy conditions (47,XXY, 47, XXX, 47,XYY), where
rates of identification are estimated at only 10%-25% (Davis
et al. 2024). Cultural differences in awareness and acceptance of
genetic testing, language barriers, and historical mistrust of the
medical system may further reduce research participation among
minoritized groups (Canedo et al. 2019). At the same time, par-
ticipation in clinical research can feel overwhelming for families
already navigating a new diagnosis, especially those facing addi-
tional socioeconomic or cultural stressors. Without intentional
strategies to address these barriers, disparities in SCA research
will persist, and may widen, as diagnosis rates increase.

The overrepresentation of 45,X in the literature also warrants
mention. While 45,X is a clinically important condition with
unique care needs, it has received disproportionate attention rel-
ative to the more prevalent trisomy conditions. This imbalance
likely reflects a higher diagnosis rate, more established clinical
care infrastructure, and research funding and priorities. Future
research should aim for greater inclusion across all SCA karyo-
types, with attention to the distinct developmental trajectories
and healthcare challenges associated with each condition.

In sum, this systematic review highlights a critical need for more
equitable and inclusive clinical research practices in the field of
SCAs. As the landscape of diagnosis continues to shift, partic-
ularly with the rise of cfDNA, clinical research must evolve to
capture the diversity of those affected. Improving demographic
reporting, reducing barriers to participation, and expanding ac-
cess to diagnosis and specialty care are essential steps toward
that goal.

5 | Limitations

This systematic review has several limitations. First, we re-
stricted our search to studies published in English, which may
have excluded relevant non-English literature and limited the
geographic diversity of the included studies. Second, our ability
to evaluate demographic representation was constrained by in-
consistent reporting across studies, particularly regarding SES.
Many studies that reported SES used imprecise or proxy mea-
sures (e.g., education or income groupings), and only a minority

included validated instruments. Third, our analysis was based
on unique publications rather than unique cohorts; as a result,
some studies may be overrepresented due to multiple papers de-
rived from the same participant sample. Without standardized
identifiers for study populations, we were unable to adjust for
this potential duplication. In addition, while we aimed to capture
original clinical research, our inclusion criteria excluded small
case reports and conference abstracts, which may have included
data from underrepresented populations. Finally, we were lim-
ited to evaluating reported data; we could not assess participant
demographics in studies that did not report them, potentially
over or underestimating the extent of underrepresentation.

6 | Conclusions

This systematic review reveals gaps in the demographic reporting
and representation of participants in SCA research, with overrep-
resentation of White non-Hispanic and higher SES individuals.
The lack of demographic data across much of the literature limits
the ability to assess generalizability, and applicability of findings
to the broader population of individuals with SCAs. As research
advances and diagnostic practices evolve, there is a critical need
to ensure demographic and socioeconomic variation that reflects
the population affected by SCA is prioritized, reported, and ana-
lyzed. Future research should adopt standardized demographic
reporting practices, develop intentional recruitment strategies for
underrepresented populations, and build infrastructure to support
equitable access to clinical research. Closing these gaps is essential
to ensuring that research translates into inclusive, evidence-based
care for the full spectrum of individuals with SCAs.
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