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Abstract

Background: Elevated rates of mental illness have been reported in clinical studies of sex
chromosome aneuploidies (SCAS) but accurate population-based estimates of SCA prevalence,
clinical detection rate, and associated risk of psychiatric disorders are lacking.

Methods: In this study we provide population-valid prevalence estimates of the most common
SCA karyotypes (45,X; 47, XXX; 47,XXY; and 47,XYY) and gonadal sex-matched hazard ratios
(HR) for schizophrenia spectrum disorder (SSD), bipolar disorder (BPD), major depressive
disorder (MDD), autism spectrum disorder (ASD), and attention-deficit hyperactivity disorder
(ADHD). Our study leverages the iPSYCH2015 case-cohort dataset including all persons born in
Denmark between 1981-2008 with a hospital discharge diagnosis by the end of 2015 of any of
the above listed disorders and a random subcohort from the same study population. The assessed
sample included 64,533 (54%) gonadal men and 54,948 (46%) gonadal women, and their age
during follow-up ranged from 0-34-7 years (mean: 10-9 years). Information on ethnicity is not
available.

Findings: Overall SCA prevalence was 1-5:1000, marginally lower than reported in a previous
population-based study (2-1:1000, trend across all four SCA; P=0.046). All four SCAs were
associated with increased risk of any psychiatric disorder to a similar level as estimated for several
well-known pathogenic copy number variants in a similar population-based setting (HR = 2-2—
4-3). Increased risks of ADHD (HR = 2-0-6-2), ASD (HR = 2:7-8-5), and SSD (HR = 1-8-4-6)
were also associated with all four SCAs, while increased risks of MDD and BPD were associated
with 47,XXY and 47, XYY (HR = 1.9 and 2:7), and 47, XXX (HR = 4-3), respectively. Clinical
SCA diagnosis rate was high (93%) for 45,X but much lower (15-22%) for 47,XXX; 47,XXY; and
47,XYY; and did not differ with respect to diagnosis of a psychiatric disorder.

Interpretation: Increased SCA-associated risk of psychiatric disorders, combined with low
clinical SCA diagnosis rates, compromises adequate provision of necessary healthcare and
counselling to affected individuals and their families, which might be helped by increased
application of genetic testing in clinical settings.

Funding: The study was funded by the Lundbeck Foundation and the National Institute of
Health.

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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Introduction

Sex chromosome aneuploidies (SCAS) are genetic conditions involving an atypical number
of sex chromosomes relative to the typical 46,XY and 46,XX karyotypes. These conditions
are usually caused by chromosomal nondisjunction occurring at meiosis or early postzygotic
development stages®. The most common SCAs are 45,X; and the three trisomies 47, XXX;
47,XXY; and 47,XYYY; with estimated frequencies between 0-5 and 1-3 in 1,000 live

births? - although a high proportion of SCA carriers go undiagnosed?:3. There are no
pathognomic features of SCA, and great variability in penetrance and expressivity, but some
of the most studied manifestations of SCA include alterations of: growth (short stature

in 45,X, tall stature in sex chromosome trisomies)?; gonadal function (ovarian dysgenesis

in 45,X°, premature ovarian failure in 47,XXX% and hypogonadism in 47,XXY7); and
neurodevelopment.

Recent years have seen a growing awareness of association between SCAs and
neurodevelopmental and psychiatric impairments®. Still, neuropsychiatric characterization of
SCA s has lagged behind that of recurrent autosomal copy humber variants (CNVs), despite
SCAs involving dosage change of more genes and being more prevalent? than most recurrent
CNVs?10, The best available research to date has reported high rates of several psychiatric
disorders in studies of clinically diagnosed SCA carriers including: psychotic disorders (6—
12%), autism (15-30%), and ADHD (30-70%) for the SCA trisomies!?, and intellectual
disability (ID; 5-10%), ADHD (25%), and anxiety/depression (50%) for 45,X12. Also, a
very recent study found clinically significant ADHD symptoms in 24% of 104 children aged
1-6 years with SCA trisomy13,

The few population-based studies that have been published in this field are mostly consistent
with the clinical studies, with three of them reporting 2—6 fold risk of psychiatric disorders
associated with 45,X14 and 47,XX Y1516 while a fourth such study, of all four SCA
karyotypes, only found limited evidence of increased risk of schizophrenia and BPD
associated with 47, XYY/,

Despite the high collective prevalence of SCAs and evidence for their association with
psychiatric impairments, two obstacles have hindered definitive understanding of the
population-based association between mental health outcomes and SCAs — posing a major
challenge to adequate healthcare planning and provision for these conditions. First, the most
recent prevalence estimates for SCAs from attempted full detection (in a sequential birth
series)2, are more than 30 years old. However, several factors that could potentially influence
the prevalence of SCAs have changed over this time, including average maternal age and
elective abortion in conjunction with prenatal screening!®. As such, there is a pressing need
for updated population-based prevalence estimates for SCAs to properly assess the scale of
clinical need presented by these conditions. Second, to date, there have been no population-
based estimates of the penetrance of SCAs for psychiatric outcomes from genetic studies.
Securing such estimates is an especially high priority in SCAs, as the rate of psychiatric
disorders may differ between the minority of SCAs carriers who are clinically detected,

and the majority who remain undetected?:3. Our prior work in recurrent CNVs using

the Danish iPSYCH2012 case-cohort study design!® has shown that unbiased population-

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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based samples obtained through nationwide health registers and biobanks are critical for
accurate estimation of psychiatric penetrance in under-diagnosed genetic conditions, and can
substantially revise the penetrance estimates given by study designs involving traditional
case-control samples® or registry-based studies of clinically diagnosed carriers20.

Here, we address these obstacles by leveraging the Danish iPSYCH2015 case-cohort20

to study the four most prevalent SCAs. We determine and directly contrast prevalence

and risk of psychiatric disorders among individuals affected by 45,X; 47, XXX; 47, XXY;

or 47,XYY with the corresponding age- and gonadal-sex-matched part of the Danish
population. We also harness this study design to provide population-based estimates of the
relative reproductive rate in SCA and screen for associations between SCA and several other
diagnoses not directly targeted by the iPSYCH2015 case-cohort design. This study follows
the STROBE (strengthening the reporting of observational studies in epidemiology)?!
guidelines on case-cohort studies?2.

Study design

This study was carried out on the iPSYCH2015 case-cohort?%, which is an update and
expansion of the iPSYCH2012 case-cohort!®. The study includes 141,265 individuals
selected from all 1,657,449 singleton births in Denmark between May 15t, 1981, and
December 315, 2008, who were alive and residing in Denmark on their first birthday

and have a registered mother in the Danish Civil Registration System (CRS)23. The

study has a dual design: (1) Cases: All individuals (n=93,608) with one or more of the
following psychiatric disorders diagnosed and registered at the Danish Psychiatric Central
Research Register (PCRR)?4 no later than December 315t, 2015; schizophrenia spectrum
disorder (SSD; ICD10 F20-F29, n= 16,008), bipolar disorder (BPD; ICD10 F30-F31,
n=3,819), major depressive disorder (MDD; ICD10 F32-F33, and ICD-8 296.09, 296.29,
298.09, 300.49, n=37,555), autism spectrum disorder (ASD; ICD10 F84, n=24,975), or
attention-deficit hyperactivity disorder (ADHD; ICD10 F90, n=29,668). (2) Cohort: 50,615
individuals drawn from the source population at random (corresponding to roughly 3%).
The index psychiatric disorders were initially selected to represent common complex mental
illness with childhood or early adult onset and a common genetic component. An overview
of the iPSYCH2015 study design and its application in this study is given in eFigure 1.

As many individuals are diagnosed with more than one of the index disorders the number of
samples across diagnosis groups adds up to more than the case total of 93,608. Also, as the
randomly drawn population sample naturally includes individuals with diagnosis of mental
illness, the numbers of case and subcohort samples add up to more than the total of 141,265
(eFigure 1).

Genotyping & SCA detection

Genotyping was done with Illumina genotyping arrays (Illumina,San Diego, CA, USA)
using whole-genome amplified DNA from dried neonatal blood spots extracted from
the Danish Neonatal Screening Biobank (DNSB)Z®. The genotyping of iPSYCH2012

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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samples is described in detail elsewherel®. Sampling and genotyping of additional

samples (iPSYCH2015i, which when combined with iPSYCH2012 constitute the complete
iPSYCH2015 case-cohort) differed in several ways2%; most importantly, iPSYCH2015i
samples were genotyped using the Global Screening Array v2, whereas iPSYCH2012
samples had been genotyped using the PsychArray V1.01°. Single nucleotide polymorphism
(SNP) genotype calling and quality control were performed using lllumina’s GenTrain
software tool for all samples that could be successfully identified and extracted from DNSB.
The extraction of B-allele frequency (BAF) as well as probe intensities (in the form of log-
R-ratio; LRR) was done with lllumina GenomeStudio. Samples with a genotyping call rate
below 95% were excluded from further study®. Access to the data and its use for research
purposes was granted by The Danish Scientific Ethics Committee, the Danish Health Data
Authority, the Danish data protection agency, and the DNSB Steering Committee.

Carriers of 45,X; 47, XXX; 47,XXY; and 47,XYY were identified by analysing LRR and
BAF using a two-stepped approach. First, we identified putative carriers by clustering
samples based on mean LRR values for (a) X and Y chromosomes (for samples registered
as male), and (b) X and all autosomal chromosomes combined (for samples registered as
female). Then, we visually inspected LRR and BAF profiles for X and Y chromosomes for
all the putative SCA carriers to determine their sex chromosome carriage status (see the
Appendix for more details).

Other available diagnoses and outcomes

We assessed SCA-associated risk for a few other disorders using diagnosis information
obtained through PCRR?4 and The Danish National Patient Register (DNPR)26 for other
iPSYCH2015 studies, see further details on those disorders and the analysis in the
Appendix.

Diagnoses for SCAs from DNPR26 were available for a subset of the iPSYCH2015 sample
(73,646 of 119,481), and all comparisons between SCA individuals identified from genotype
in our study and clinically detected SCA individuals were done in this subset. We considered
as clinically detected all individuals with an ICD10 diagnosis of 45,X (Q96.0); 47,XXX
(Q97.0); 47,XXY (Q98.0); 47,XYY (Q98.5); or an unspecified Turner syndrome (TS;
Q96.9) or Klinefelter syndrome (KS; Q98.4) diagnosis, and a few 47, XXX and 47, XYY
individuals with a diagnosis of sex chromosome anomaly not further specified (ICD8: 759.5,
or ICD10: Q98.7/Q98.8). We did not have access to records pertaining to pre-natal detection
among clinically detected SCA individuals.

Information on the number of offspring of individuals of the study sample by the end of
2015 (including any adopted children) were obtained from the CRS23,

Statistical analysis

Risk of each of the five iPSYCH2015 targeted psychiatric disorders (SSD, BPD, MDD,
ASD and ADHD) associated with SCAs was assessed by weighted Cox Proportional Hazard
(CPH) models with age at first hospitalisation as outcome. For each CPH model all cases
with the index disorder and all individuals from the subcohort were included, without
considering case status of other index disorders (eFigure 1). Individuals were censored at the

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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appropriate date if they had; (a) no relevant hospitalisation before 31st December 2015, (b)
died, (c) been lost to follow-up or emigrated, whichever occurred first. The SCA status was
included as an independent variable. The CPH models were fitted separately for each SCA
and in a gonadal sex-specific way reflecting the SCA in question (i.e., 45,X and 47,XXX
were tested with 46,XX, and 47,XXY and 47,XYY with 46,XY). Population-unbiased

risk estimates were obtained by computing inverse probability of sampling (IPS) weights
following Barlow’s procedure?’. Regression coefficient’s standard error and 95% confidence
intervals (C195%) were computed using a robust estimatorZ.

To study the relative reproductive rate, we fitted a Poisson regression type generalised
additive model for each SCA karyotype compared to the matching gonadal sex (as explained
above) with number of offspring at the end of follow-up as outcome, excluding individuals
who were younger than 16 years old at the end of follow-up. SCA status was coded

as the independent variable, we adjusted for age by including a smoothed function of

age at the end of follow-up as a covariate, allowing for a non-linear fit. Also, all the

five iPSYCH2015-targeted psychiatric disorders were included in the model as separate
covariates. All statistical analyses were done in R (Version 3.3.1). The survival models were
fitted using the survival R package.

To compare SCA population prevalence with that of the largest previous study?, we
considered live-born individuals with the corresponding karyotype (including mosaicism)
in the previous study? with identified SCA carriers in our study and tested the difference
for each SCA and the trend across all SCAs with a two-sided Fishe’s exact test and
Mantel-Haenzel test, respectively.

Role of the funding source

Results

The sponsors of the study had no role in the study design; the collection, analysis, and
interpretation of data; the writing of the report; nor in the decision to publish the results.

After quality control 119,481 genotyped samples of the iPSYCH2015 case-cohort remained
(eFigure 1 & eTable 1), including 78,726 case individuals diagnosed with one or more

of the ascertained psychiatric disorders (SSD, BPD, MDD, ASD or ADHD), and 43,326
cohort individuals (3%) randomly drawn from the source population. The assessed sample
included 64,533 (54%) gonadal men and 54,948 (46%) gonadal women, and their age during
follow-up ranged from 0-34-7 years (mean: 10-9 years). We identified 387 carriers across
the four SCA karyotypes under study (45,X; 47,XXX; 47,XYY; and 47,XYY) among the
119,481 samples.

Hospital records regarding chromosomal conditions, including any clinical SCA diagnoses,
were available for 73,646 samples, and out of the 240 SCA carriers identified by our study
in this subset, 55 (23%) also had a clinical SCA diagnosis (see Methods). The clinical
diagnosis rate was high for 45,X (93%), but low for 47, XXX (15%), 47,XXY (22%), and
47,XYY (15%). Mean age (in years) at clinical SCA diagnosis was as follows: 45,X (10-6),
47, XXX (10-1), 47,XXY (14-9), and 47,XYY (12-1). Also, a minority (24%) of clinically

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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diagnosed SCA individuals, mostly involving TS and KS, were not indicated as carriers with
our SNP array-based approach, with evidence that those not identified were likely enriched
for non-canonical dosage alterations (see Appendix).

Population-valid risk associated with each of the five iPSYCH2015 index psychiatric
disorders was estimated by contrasting individuals in the respective case group with
individuals in the cohort (restricting to gonadal sex corresponding to the SCA), using age
at first admission with the disorder as outcome and appropriate IPS weights (see Methods
and eFigure 1). The risk associated with diagnosis of one (or more) of the five psychiatric
disorders was significantly increased for all four SCAs, with HR range 2:1-4-3, highest for
47,XYY (Figure 1 upper left panel & eTable 2). The combined rate of the five psychiatric
disorders did not differ significantly between SCA carriers with and without a hospital SCA
diagnosis (P = 0-65). All SCAs were associated with increased risk of the two primarily
childhood-onset disorders, ASD (HR = 2.7-8-5) and ADHD (HR = 2.0-6-2), lowest for
47,XXY and highest for 45,X (Figure 1 & eTable 2). All four SCAs also associated with
increased risk of SCZ (HR = 1.8-4-6), 47,XXY and 47,XYY with that of MDD (HR =19
and 2:6), and 47,XXX with that of BPD (HR = 4-3) (Figure 1 & eTable 2).

Combined population prevalence of the SCAs was 1:45 per 1,000 (estimated in the full
cohort) and ranged from <0-23 for 45,X to 0-65 for 47,XXX; 0-81 for 47,XYY; and 1-23 for
47,XXY, relative to their respective gonadal sex (Figure 2 & eTable 1 bottom line). While
none of the prevalence estimates differed significantly from those previously reported?
(P>0-05 for each of the four SCAs), combined they trended towards lower prevalence
(P=0-046).

47 XXX; 47,XXY; and 47,XYY associated with reduced relative reproductive rate
(estimated as number of offspring in a Poisson regression model, see Methods), with
Poisson regression coefficients ranging from 0-15 for 47,XXY; to 0-32 and 0-38 for 47, XYY
and 47,XXX; respectively (Figure 3 & eTable 3). No offspring were recorded among the 19
identified 45,X carriers, which is consistent with the well-characterised ovarian dysgenesis
in 45,X5.

From available hospital records of eight disorders (other than the five iPSYCH2015 index
psychiatric disorders) present in two or more carriers of a given SCA (see Appendix) we
observed a very high risk of congenital malformations of the circulatory system associated
with 45,X (HR = 30.6) and moderate (HR 1.8-3-7) increases in risk of 1D, syncope,

febrile seizures, asthma, hernia, and migraine associated with one or more SCA karyotypes
(eFigure 2 & eTable 4).

Discussion

This study extends understanding of SCA karyotypes in several important ways. Most
fundamentally, it is the first study to provide population-based estimates of SCA associated
risk of psychiatric disorders that simultaneously considers the four most common SCA
karyotypes detected through genotyping. Prior estimates of enrichment of psychiatric
diagnoses in SCA have mainly derived from diagnostic surveys in groups of individuals

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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with clinical SCA diagnosist1~13, or registry-based research14-17, (also relying solely on
clinically detected SCA carriers). Our prevalence estimates of each SCA karyotype are
consistent with those reported earlier for the Danish population?, although a marginally
significant trend for lower prevalence was observed.

The most important finding of this study is that of an overall increased risk of psychiatric
disorders associated with all four SCA karyotypes. These findings are largely in keeping
with previous SCA studies!~17 but add context in several important aspects. For instance,
the associated HRs are similar or even higher in magnitude than those observed in many
rarer gene dosage disorders that have a longer-standing history as models of genetic risk

in psychiatric research (e.g., 22q11.2 deletion and CNVs at 16p11.2)%10, This observation
highlights the relative impact of SCAs as genomic disorders contributing significantly to risk
of psychiatric disorders at population level.

Also, in concordance with previous reports!:3 we find that only a small fraction of SCA
carriers had been clinically detected (except for 45,X). Importantly, a test across all four
SCA types showed no indication that the clinically detected subset had higher rates of
psychiatric disorders.

When considering the case-cohort design of iPSYCH2015 and its unique ability to perform
a genetic assessment of SCA karyotypes in a well-powered population-representative sample
of individuals with and without psychiatric disorders, these findings become very important.
Previously, due to the known low clinical detection rate of SCA karyotypes (particularly
SCA trisomies), it has not been clear whether the increased rates of psychiatric disorders
observed in clinically detected SCA carriers would also apply among undetected carriers.

We also observe an increased risk of BPD associated with 47, XXX. To the best of our
knowledge this is the first reported association of this kind, although a recent study of

74 individuals with 47,XXX reported increased rates of affective and psychotic disorders,
including BPD?8, This finding also draws attention to the fact that most studies of SCA
have focussed on children and adolescents, and hence, risk estimates for most typically
adult-onset disorders is limited.

Taken together, our findings highlight a uniform increased risk of major psychiatric
disorders associated with SCA karyotypes, and an unmet opportunity of early diagnosis
and treatment intervention. This is especially important in the case of 47,XXX and 47,XYY
with both a low clinical detection rate and a relatively high associated risk (4-5 fold) of
major psychiatric disorders such as ADHD, ASD and SSD.

Despite limited power to study SCA associated changes in relative reproductive rate

given the comparatively young age of the case-cohort during follow-up, we observed
substantial reduction in the number of offspring associated with all three SCA trisomies

(no offspring were recorded for 45,X carriers). Although other factors than fertility influence
the reproductive rate, this large relative reduction in number of offspring is consistent with
the late or compromised gonadal development and inadequate hormonal levels commonly
noted in SCA carriers.1:5~7

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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In our analysis of other outcomes available for the iPSYCH2015 sample, we replicated
several previously reported associations, including with congenital heart defects in 45,X°,
ID in 47,XXX8, and seizure-related disorders and asthma in 47,XYY;2° and observed
indications of increased risk in a few other disorders. However, these disorders were not
part of the iPSYCH2015 case-cohort design, and as we only assessed risk for disorders
presenting in at least two carriers for a given SCA, the associated risk estimates can be
inflated and may only be considered as suggestive.

In the CPH analysis each hazard function was estimated separately and only in the subset
of samples with the gonadal sex corresponding to the SCA karyotype. While this means
that we cannot directly test differences in psychiatric risk patterns across SCA karyotypes in
our sample, a few karyotype-based features are noteworthy, and could potentially carry both
clinical and basic science implications if confirmed in a formal comparative analysis.

For instance, we observe a nominally greater increase in risk of psychiatric disorders in
47,XXX than in 47,XXY. The biological basis for this differential impact of X-chromosome
gain in females vs. males is unclear and warrants further research. Paradoxically, studies of
gene expression from peripheral tissues in SCA suggest that X-chromosome gain induces a
substantially greater transcriptomic disruption in male vs. female cells3?, which is counter
to the observed risk levels for psychiatric outcomes. However, we lack functional genomic
studies of SCA effects on human brain tissue, which would arguably be more relevant

for understanding potential differences in psychiatric penetrance between SCA subtypes.

In conducting such future studies, it would be important to examine mechanisms beyond
cis-regulatory effects through which SCAs could impact cellular functions, such as altered
dosage of non-genic regulatory elements3L, broader disruptions of nuclear architecture32,
and changes in cell division rates33.

We also observe nominally greater risks of psychiatric outcomes associated with 47, XYY
than with 47,XXY, which is in keeping with earlier studies of clinical samples34:35. While
such a risk pattern could seem unlikely, given that X-chromosome gain leads to substantially
greater changes in gene dosage and brain anatomy36 than Y-chromosome gain, other
potential sources of divergence in psychiatric risk profiles across the SCA trisomies could
explain this. These include impaired gonadal function (seen in 47,XXY, and less so in

47, XXX, but not in 47,XYY), and interactions between X-chromosome dosage and different
biological contexts in males (XY background and testes) vs. females (XX background and
ovaries).

Notwithstanding the disparate direction and effect size magnitude of X- and Y-
chromosome dosage effects on total brain size3’, neuroanatomical studies have revealed
that supernumerary X- and Y-chromosomes exert spatially overlapping effects on regional
brain anatomy which could theoretically underpin the shared increases in psychiatric risk
reported here. Specifically, increases in both X- and Y-chromosome dosage are associated
with contraction of fronto-temporal cortices, and increases in parieto-occipital cortices37-39
as well as reductions in the relative size of several cerebellar3® and subcortical®? regions.

Lancet Psychiatry. Author manuscript; available in PMC 2024 February 01.
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While the population-representative design of the iPSYCH2015 case-cohort and the leverage
of nationwide health-registers has many advantages, it also has limitations. For example,
while the bloodspot-based genotyping enables powerful population-based detection of
genetic conditions such as SCA carriage, it has limited ability to detect mosaic aneuploidies
and partial sex chromosome alterations. Around one third and one quarter of clinically
diagnosed TS and KS subjects, respectively, were not indicated as SCA carriers in our
analysis. In the case of TS these had a significantly higher average age at diagnosis than
those also found with 45,X by our analysis, and most had only an unspecified TS diagnosis
(ICD-10: Q96.9), suggesting that they may not be karyotype 45,X carriers. For KS we found
no such difference in KS diagnosis subtype or age at diagnosis, suggesting that at least some
could be true 47,XXY not detected by our analysis.

Although, the design of the iPSYCH2015 study optimises the power to assess risk conferred
of the index psychiatric disorders, in a population-representative manner, the power to
estimate associated risks of other outcomes, including those mental disorders that are not
specifically targeted in the design, is limited. Also, the relatively young age during follow-up
limits the study power of disorders (including index disorders such as BPD) that have a late
typical age at onset.

Finally, while the study relies on diagnoses form a nationwide in- and out-patient based
hospital based register2>, which does not include information on individuals who are
diagnosed and treated for psychiatric illness solely by general practitioners or privately
practising psychiatrists. This means that we are likely missing a subset of milder instances of
mental illness (severe form of illness most often will be diagnosed and treated in a hospital).
This also means that we are unable to address any dimensional psychopathology that may
manifest across diagnostic domains also in undiagnosed SCA individuals.

In conclusion, the combination of relatively high associated risk of psychiatric disorders,
and low clinical detection rates for three out of four SCA karyotypes (with average age

of clinical diagnosis ranging from 9-14 years for those few who are clinically detected)
suggests that most SCA carriers may lack appropriate clinical care provision. Increased use
of genetic testing in clinical settings would likely promote early diagnosis, inform on risk
of SCA-associated illness and complications, and increase likelihood of positive treatment
outcome for psychiatric disorders.
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Research in context
Evidence before this study

Elevated rates of mental illness have been reported in clinical studies of sex chromosome
aneuploidies (SCAs) but few population-based studies of SCA associated risk of
psychiatric disorders have been published. We searched MEDLINE, until October

30, 2022, for studies published in English, containing combinations of the following
terms: psychiatric, schizophrenia, bipolar disorder, major depression, autism or ADHD;
with association or risk; and 45,X, Turner syndrome, 47,XXX, Trisomy X, 47,XXY,
Klinefelter syndrome, 47,XYY or Jacob’s syndrome; and register or population.

We identified only four population-based studies addressing risk of psychiatric disorders
for one or more SCA karyotype. Three out of four studies reported increased risk

of psychiatric disorders. All four studies relied on register-based clinical diagnoses of
SCA individuals and therefore did not include the majority of SCA individuals that are
assumed to be clinically undetected.

Added value of this study

To the best of our knowledge, this is the first study combining data from nation-wide
biobanks and health registers to estimate the association of genotype-based SCA
exposure with the risk of psychiatric outcomes in a population-representative manner.
This design differs from that of previous population-based studies in a very important
way, as it includes the large fraction of SCA carriers that usually are not clinically
detected (and hence not included in studies based on clinical SCA diagnoses).

We found all four tested SCA karyotypes to be associated with increased risk of
psychiatric disorders, and that the risk was similarly increased in the large fraction of
SCA carriers who were without clinical SCA diagnosis, as in SCA carriers with a clinical
SCA diagnosis.

Implications of all the available evidence

Our results corroborate the increased rates and risks of psychiatric disorders reported

for SCA individuals in most studies of selected clinical samples and register-based
population studies of clinically detected SCA individuals. They also show that the many
individuals with SCAs who remain clinically undetected with respect to their SCA
carriage are at an equally increased risk of developing psychiatric disorders. Increased
use of genetic testing in clinical settings could provide earlier diagnosis of emerging
psychiatric complications in these individuals and hence increase chances of a favourable
treatment outcome.
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Figure 1. Risk of psychiatric disorders associated with SCA karyotypes.
Hazard ratios (HR) and 95% confidence intervals (C195%) were estimated with a

population-weighted Cox proportional hazard model. SSD; schizophrenia spectrum disorder.
BPD; bipolar disorder. MDD; major depressive disorder. ASD; autism spectrum disorder.
ADHD; attention-deficit hyperactivity disorder. Any /PSYCH Dx; individuals diagnosed
with one or more of the above specified disorders. Higher HR indicates that SCA individuals
are more likely to develop the disorder than individuals of the same sex without SCA.
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Figure 2. SCA Prevalence in Denmark.
Prevalence estimates per 1000 individuals of matching gonadal sex of the four herein studied

SCA karyotypes in the iPSYCH2015 random population cohort compared to those of a
previous population-based study? (with 95% confidence intervals).
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Figure 3. SCA association with relative reproductive rate.
Risk Ratio (RR) and a corresponding 95% confidence interval is estimated as the relative

change in number of offspring compared to individuals of the same gonadal sex without
SCA, obtained by fitting a Poisson regression model, accounting for age at end of follow-up
and psychiatric case status. A model could not be fitted for 45,X as no offspring were
observed among carriers. Lower RR indicates that individuals with the SCA karyotype have
fewer offspring than individuals of the same sex without SCA.
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