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SUMMARY

Male sex is a strong risk factor for autism spectrum disorder (ASD). The leading theory for a 

“female protective effect” (FPE) envisions males and females have “differing thresholds” under a 

“liability threshold model” (DT-LTM). Specifically, this model posits that females require either 

a greater number or larger magnitude of risk factors (i.e., greater liability) to manifest ASD, 

which is supported by the finding that a greater proportion of females with ASD have highly 
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penetrant genetic mutations. Herein, we derive testable hypotheses from the DT-LTM for ASD, 

investigating heritability, familial recurrence, correlation between ASD penetrance and sex ratio, 

population traits, clinical features, the stability of the sex ratio across diagnostic changes, and 

highlight other key prerequisites. Our findings reveal that several key predictions of the DT-LTM 

are not supported by current data, requiring us to establish a different conceptual framework for 

evaluating alternate models that explain sex differences in ASD.

INTRODUCTION

The female protective effect

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by deficits 

in social function, restricted interests, and repetitive behaviors. ASD is currently diagnosed 

in 1:44 children and is reported ~4 times more often in boys than in girls (Maenner et al., 

2021), a ratio that has been remarkably stable over time (Kanner, 1943). Despite studies 

focused on sex chromosomes, hormonal influences, and diagnostic biases, the etiology of 

this sexual dimorphism remains poorly understood. A popular model to explain this sex 

bias invokes the existence of a “female protective effect” (FPE). Although FPE is not 

always defined as a testable hypothesis, the most common theoretical model to explain FPE 

involves males and females having differing thresholds for ASD in a liability threshold 

model (DT-LTM). To critically evaluate the evidence for a DT-LTM, we first describe 

the prerequisites and testable predictions of this model across multiple domains and then 

summarize the evidence for and against the DT-LTM using published data.

The differing thresholds-liability threshold model

The prevalence of many complex traits varies with age, sex, or other risk factors. The DT-

LTM, as initially proposed by Carter and subsequently mathematically modeled by Falconer 

(Carter, 1961; Falconer, 1965), posits that for categorical conditions (e.g., ASD diagnosis), 

there is a continuous distribution of underlying liability (see glossary, Box 1) within the 

population. This theoretical concept, liability, is the sum of every risk factor a person 

has (for example, highly penetrant de novo variants (Box 1), polygenic risk (Box 1), and 

environmental exposures). The DT-LTM posits that individuals whose total liability exceeds 

a certain threshold are affected (e.g., diagnosed with ASD). Furthermore, known risk factors, 

such as sex, can be modeled to increase or decrease the liability threshold for males relative 

to females. The implications are similar, whether this is conceptualized as involving sex 

differential thresholds for one liability distribution (Figure 1A) or sex differences in mean 

liability for two populations with a single threshold (Figure 1B). Sex-specific genetic (e.g., 

X or Y chromosome loci) and non-genetic (e.g., hormonal exposures or diagnostic bias) risk 

factors can influence this threshold but are required to have a uniform effect within each sex 

(i.e., no interaction). The DT-LTM fits characteristics of several diseases with differences by 

sex and age of onset (e.g., renal stone disease, pyloric stenosis, club foot, and peptic ulcer) 

(Falconer, 1965). In each of these diseases, there was no evidence for different risk loci 

across groups, only different thresholds, as expected under the DT-LTM.

As with all models, formal prerequisite assumptions underlie the DT-LTM (Figure 1C). (1) 

Other than a single threshold-modifying factor (i.e., sex), all genetic variants (including 
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those on the X or Y chromosome) are expected to affect ASD liability in both females and 

males, with no sex-specific effects or gene-by-sex interaction. It should be noted that a male 

but not a female with the same variant could be affected in the absence of interaction if the 

variant carried enough liability to exceed the male, but not the female, threshold. (2) The 

DT-LTM assumes that the population liability in both sexes follows a normal distribution 

and that the variance is identical between sexes. Differences in variance across sexes could 

generate prevalence differences above a threshold but that would violate the LTM (Traglia 

et al., 2017). (3) Liability from additive risk factors can either be large and sufficient to 

exceed the threshold alone (e.g., de novo variants) or small and only exceed the threshold in 

combination with other genetic variants (e.g., single-nucleotide polymorphisms [SNPs]; Box 

1). For this reason, the LTM is also known as a multifactorial threshold model (Reich et al., 

1975), reflecting additive liabilities from multiple factors.

The DT-LTM fits several complex disorders reasonably well. For example, young-onset 

venous thromboembolism (VTE) often reflects strong family history and/or highly penetrant 

risk variants, since youth is protective for VTE (Zöller et al., 2016). The same observations 

extend to sex differences in the manifestation of several diseases. Females, for example, 

have a higher prevalence of Hashimoto’s thyroiditis, whereas males have greater heritability 

(Skov et al., 2021). In another female-biased condition (scoliosis), the DT-LTM predicts 

that sons of affected mothers have the lowest recurrence among first-degree relatives, 

daughters of affected fathers have the highest recurrence, and siblings of affected males have 

significantly higher recurrence rates than siblings of affected females (Kruse et al., 2008). 

Finally, similar to ASD, Hirschsprung’s disease has high heritability (>80%; Tilghman et al., 

2019), a multifactorial contribution of rare and common genetic variants, and a 4:1 sex bias. 

Hirschsprung’s disease shows the predicted increased recurrence rates in relatives of female 

probands (Box 1; Badner et al., 1990) and exhibits a good fit to the DT-LTM (Emison et al., 

2010).

The FPE and DT-LTM in prior ASD literature

The DT-LTM has frequently been referenced, explicitly or implicitly, to explain the observed 

sex differences in ASD. The term FPE was initially used in the ASD literature to refer to 

differences in the sex ratio of ASD with concurrent intellectual disability (ID) (~2:1) relative 

to ASD without ID (~4:1), suggesting that females require a greater genetic “insult” to 

develop ASD (Tsai and Beisler, 1983; Wing, 1981). Recent references to the FPE consider 

rare variant studies (De Rubeis et al., 2014; Iossifov et al., 2012; Jacquemont et al., 2014; 

Levy et al., 2011; Lim et al., 2013; Neale et al., 2012; Sanders et al., 2011; Satterstrom 

et al., 2020) and conclude that ASD-affected females have proportionally more highly 

penetrant de novo mutations. Liability thresholds are specifically mentioned in a subset of 

these papers (De Rubeis et al., 2014; Girirajan et al., 2012; Neale et al., 2012; Ye et al., 

2017) or the FPE is explicitly explained as a LTM (Satterstrom et al., 2020). Likewise, 

the literature describing quantitative autistic traits (QATs; Box 1) in the general population 

refers to the differing mean version of the DT-LTM (Figure 1B); this corresponds to lower 

QAT levels in females in the general population (Constantino and Gruber, 2012; Constantino 

and Todd, 2003). Some reviews directly equate the FPE to the DT-LTM (Werling, 2016), 

whereas others mention the DT-LTM or similar models as a possible explanation for “female 
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protection” (Ferri et al., 2018; Robinson et al., 2013; Szatmari et al., 2012; Tsai and Beisler, 

1983). However, the FPE is also sometimes mentioned without reference to a DT-LTM, 

and one must infer the underlying model (Doan et al., 2019; Gockley et al., 2015; Iossifov 

et al., 2014; Jacquemont et al., 2014; Sanders et al., 2015). Nevertheless, the data used to 

support the FPE in these papers are aligned with expectations of the DT-LTM, but not with 

other models of “female protection” (see discussion). For these reasons, we assume that 

the predominant testable model underlying the “FPE” in ASD is the DT-LTM. However, 

the FPE/DT-LTM is often referenced in studies examining a single variable, such as de 
novo mutation rates, and thus has not been comprehensively evaluated. Herein, we describe 

and evaluate assumptions about how liability is related to measurable variables, delineate 

testable hypotheses derived from the DT-LTM, and review the evidence as to whether sex 

differences in ASD fit the DT-LTM.

Testable predictions and assumptions of the DT-LTM and outline of the review

Liability is an unmeasurable entity, which theoretically sums all risk factors and assumes 

that they are normally distributed in a population. Here, since ASD is highly heritable (Box 

1), we exclusively focus on genetic liability and include de novo mutation as a non-heritable 

genetic source of liability. We consider sex (and sex hormones, diagnostic bias, or other 

sex-correlated variables) as potentially modifying the threshold for ASD (Figure 1A). The 
resulting DT-LTM hypothesis predicts that females have a higher threshold than males, and 
thus females with ASD will, on average, carry more genetic risk than males with ASD. 
Measurable categories of genetic risk include heritable polygenic risk summed over the 

genome and highly penetrant (often de novo) individual risk variants.

Indicators of higher genetic risk examined:

• heritability estimates (heritability)

• recurrence rates in relatives (recurrence rates [the Carter effect]), and

• penetrance (Box 1) measures for specific risk variants/genes (correlation between 

penetrance for ASD and sex ratio).

Beyond direct genetic tests of the DT-LTM, other features of how ASD manifests across 

sexes might support the DT-LTM. However, their utility depends on testable secondary 

assumptions:

Testable secondary assumptions examined:

• QATs in the population reflect ASD genetic liability (population traits),

• specific clinical features (e.g., ID or core symptom severity) increase with greater 

liability (clinical features and sex ratio), and

• recent increases in ASD prevalence result from inclusion of individuals with less 

genetic liability (sex ratio versus population prevalence).

If these secondary assumptions hold, respectively, then, the DT-LTM could also be evaluated 

using:

• sex differences in QATs in the general population (population traits),
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• sex differences in co-morbidities/severity (clinical features and sex ratio), and

• the relationship between changes in ASD prevalence and changes in ASD sex 

ratios over time (sex ratio versus population prevalence).

Importantly, the LTM itself has three key prerequisites (prerequisites underlying the 

LTM):

• risk is multifactorial and additive,

• variance in liability is the same between sexes, and

• risk factors are identical between sexes.

Finally, we discuss alternative models to the DT-LTM and their derivative predictions 

(toward alternate models to explain the sex difference in ASD).

HERITABILITY

Under the DT-LTM, the heritability (Box 1) of ASD is expected to be higher for females. 

However, there could be opposing consequences of different categories of genetic risk 

(i.e., less polygenic effects versus more highly penetrant de novo variants), and the latter 

would not contribute to heritability estimates under some study designs. Therefore, we 

evaluate sex-specific heritability estimates from two complementary data sources: (1) twin 

study estimates, including polygenic/common variants, rare variants, and de novo mutations 

and (2) SNP-based estimates assessing common variant risk. Used together, these sources 

should enable evaluation of predictions of the DT-LTM. For example, if common-variant 

risk is insufficient to push females over their higher threshold, females with ASD would be 

predicted to have lower SNP-based heritability (Box 1) for ASD than males. In contrast, 

higher female ASD heritability would be predicted in twin studies, where de novo mutation 

contributes to heritability estimates.

One limitation for most studies is that although ID often co-occurs with ASD, ID represents 

a distinct diagnostic entity (DSM-5 Task Force, 2013). This is problematic because 

epidemiological work suggests lower heritability (Box 1) for a diagnosis of “ASD with 

ID” (33%) than a diagnosis of “ASD without ID” (65%) (Xie et al., 2020). ID accompanies 

ASD in ~20%–35% of all currently diagnosed cases but is more likely to be attributed to 

a single highly deleterious (often de novo) mutation (Maenner et al., 2021; Myers et al., 

2020). As such, a failure to consider ID can confound the interpretation of sex differences 

in heritability. Similar observations have been made for ID without ASD, where mild ID 

shows high heritability and siblings with decreased mean IQs, whereas severe ID shows little 

heritability and siblings with typical IQs (Reichenberg et al., 2016). Because of the limited 

availability of IQ/ID information in many ASD studies, we will assess the fit of the DT-LTM 

within each category of genetic risk separately (rare/de novo versus common/polygenic).

Twin-based estimates of heritability

Twin studies capture both heritable and de novo variations, as monozygotic twins share 

early de novo mutations. The largest sample with sex-specific heritability based on 

categorical diagnosis includes over 17,000 twins in Sweden (Anckarsäter et al., 2011). 
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Using a categorical threshold based on parental report on the autism-tics, AD/HD and 

other comorbidities inventory (A-TAC), higher additive heritability (Box 1) was identified 

in males than in females, contrary to the prediction of the DT-LTM. Another study, 

which identified 192 twin pairs from the California Department of Developmental Services 

(Hallmayer et al., 2011) found equivalent additive heritability in males relative to females.

Beyond categorical classification, QATs (Box 1) have also been used to estimate ASD 

heritability. QATs capture continuous variation in traits that correlate with ASD across 

individuals both with and without ASD, allowing for larger sample sizes and increased 

power. The majority of twin studies that evaluate QATs, which collectively have applied 

several QAT metrics (Constantino and Todd, 2003; Hoekstra et al., 2007; Ronald et al., 

2006; Taniai et al., 2008; Taylor et al., 2020; de Zeeuw et al., 2017), similarly find no 

evidence for sex differences in additive genetic contributions or for sex-specific genetic 

influences. Of the few studies showing sex differences, all found greater heritability in 

males, contrary to the prediction of the DT-LTM (Holmboe et al., 2014; Stilp et al., 2010; 

Taylor et al., 2020). Taken together, twin studies of ASD, by either diagnosis or QATs, do 

not support the DT-LTM.

SNP-based heritability and polygenic risk

Current evidence suggests that polygenic risk contributes to ASD in both sexes; however, 

observations of sex differences in SNP-based heritability (Box 1) or polygenic risk scores 

(PRSs, Box 1) have been inconsistent. The DT-LTM predicts heritability estimates to be 

higher in females than in males. Although it is straightforward to generate sex-specific 

estimates for SNP-based heritability and polygenic risk, power is limited by the size of the 

female subset, requiring careful matching of cases. The study by Mitra et al. (2016) used 

several approaches to overcome the greater power of the male subset, concluding that males 

and females carry similar polygenic risk. In their estimates, neither a first hypothesis that 

female cases would have higher polygenic liability than males nor an alternate hypothesis 

that females could have lower polygenic risk (e.g., if polygenic risk is insufficient to reach 

a higher female-specific threshold, such that females would instead require high-liability 

events such as de novo causal mutations) was supported. However, these studies were 

underpowered to detect subtle sex differences in heritability or polygenic risk. A recent 

study (Warrier et al., 2022) examined SNP-based heritability using combined Simons 

simplex collection (SSC) & Simons Foundation Powering Autism Research (SPARK) data. 

In contrast to the findings above, they observed higher SNP heritability in males; however, 

the female estimate was in between estimates for ASD with ID or ASD mutation carriers 

and ASD without ID, as could reflect the known sex differences in proportion of ID and 

mutation carrier rates. Thus, their heritability observations failed to support a DT-LTM.

If PRS contributes substantially to genetic liability, the DT-LTM predicts that female cases 

will have a higher mean PRS than male cases. Prior calculations of PRS (Mitra et al., 

2016; Weiner et al., 2017) did not show a sex difference: the PRS mean was elevated in 

cases versus controls as expected but not between well-matched males and females in either 

group. We have repeated this PRS analysis using the same dataset (Mitra et al., 2016) but 

with the PRS score defined using recent, more powerful data (Grove et al., 2019). We still 
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find case-control differences in each sex, but no sex differences [unpublished]. A recent 

study using PRS from the iPsych cohort applied to SSC and SPARK data also failed to 

show differences in PRS between male and female ASD probands (Wigdor et al., 2021), 

similar to a prior study on SPARK samples (Matoba et al., 2020). Notably, a separate 

study of 11,313 ASD families also including SSC, SPARK, and additional REACH samples 

found significantly increased PRS in female versus male probands (Antaki et al., 2022) 

using family-based data and a “composite” PRS score aggregated from PRSs for ASD, 

schizophrenia, and educational attainment. It is unclear whether the use of a composite 

score, an increased sample size, or different selection criteria contribute to the differences 

observed between these studies. A separate analysis of largely overlapping datasets reported 

an increased PRS in females compared with males with ASD and no ID (Warrier et al., 

2022). However, it is not clear whether the PRS sex difference observed in Antaki et al. 

could account for a 4:1 M:F ratio, as PRS captures only approximately 2% of ASD variance 

(Antaki et al., 2022; Grove et al., 2019; Figure S1). In studies designed to address sex 

differences in SNP-based heritability and PRS, it may be possible to use well-matched, 

unrelated case-control data, as related controls that are not matched for sex can confound 

data interpretation.

RECURRENCE RATES (THE CARTER EFFECT)

The most direct prediction of the DT-LTM is a difference in familial recurrence based on 

the sex of the proband, termed the Carter effect (Box 1; Carter, 1961; Falconer, 1965). This 

can be assessed for both the ASD diagnosis and QATs. Although familial recurrence is 

related to heritability, the proportion of trait variation that results from genetic factors, this 

proportion could differ between sexes—even with similar genetic liability—if non-genetic 

contributions to variation differ by sex. In contrast, recurrence in relatives examines the 

proportion of affected relatives by sex of proband and can hold the sex of both the relatives 

and non-genetic contributions constant. The DT-LTM predicts that rates of ASD will be 

higher in relatives of female probands compared with relatives of male probands. Overall, 

recurrence rates would be expected to be highest among male relatives of female probands 

and lowest for female relatives of male probands (Box 1). However, unlike many common 

heritable disorders, ASD has a large impact on fecundity, which is larger in males than in 

females (Power et al., 2013). For this reason, we cannot consider parental data and can only 

assess sibling or extended relative data.

Evidence for the Carter effect has been mixed in two studies using data from the multiplex-

focused autism genetic resource exchange (AGRE). An initial study examining 405 sibling 

relationships in AGRE found no difference in the recurrence of ASD among relatives of 

ASD-affected males and females, including when the analysis was restricted to individuals 

without ID (Goin-Kochel et al., 2007). However, another sampling from AGRE (120 

multiplex nuclear families with 305 twin pairs) exhibited a 2.25-fold higher ASD recurrence 

in siblings of female relative to male probands (Werling and Geschwind, 2015). In an 

additional study using data from the online Interactive Autism Network, proband sex had a 

negligible contribution to the level of QATs in siblings (Constantino et al., 2010).
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Prospective examination of ASD diagnosis using infant sibling studies have provided an 

additional opportunity to explore recurrence. Using this study design, younger siblings of a 

proband with ASD are assessed from infancy with a standardized protocol to establish ASD 

diagnosis, thereby removing clinical ascertainment bias and concerns of sex bias in ASD 

ascertainment as children age. Leveraging the Baby Siblings Research Consortium, which 

contains pooled recurrence data across over 1,000 unique families (Messinger et al., 2015; 

Ozonoff et al., 2011), a male sex bias in affected siblings (approximately 3:1) was reported, 

but there were no differences in recurrence by proband sex.

Epidemiologic approaches using population databases have the advantage of minimizing 

bias from clinically referred samples and can provide comparisons with population rates of 

ASD. Earlier, smaller studies (N < 300 families) appeared consistent with the Carter effect 

(Ritvo et al., 1989; Sumi et al., 2006). Likewise, a QAT study using dizygotic twins (N > 

9,000) found that females scoring in the 90th/95th percentile (i.e., with the highest level of 

QATs) had more impaired relatives than males with similar scores, consistent with a Carter 

effect if liability correlates with QATs (Robinson et al., 2013). The most substantial support 

derives from a retrospective study using insurance records from >37,000 families with at 

least one diagnosis of ASD (Palmer et al., 2017). For male probands, ASD was diagnosed in 

4.2% of sisters and 12.9% of brothers, whereas for female probands, ASD was diagnosed in 

7.6% of sisters and 16.7% of brothers. The increase in all siblings of female, compared with 

male, probands is consistent with a Carter effect.

Epidemiologic registries employ data analysis from tens of thousands of ASD-affected 

families over several decades; however, these larger datasets fail to support a Carter effect. 

One study using the Swedish Registry found no differences in recurrence for cousins, aunts, 

and uncles, based on proband sex (Sandin et al., 2014), and failed to find differences in 

recurrence in nieces and nephews of ASD probands (Bai et al., 2020). Another study using 

multinational registries (ASD N > 60,000) reported the highest recurrence risk with an older 

female sibling. However, unlike the Carter effect, which predicts that ASD recurrence in 

male siblings of female probands would be highest and recurrence in female siblings of 

male probands would be lowest, this study found that younger female siblings of female 

probands were at highest risk, whereas the lowest recurrence involved male-male sibling 

pairs (Hansen et al., 2019). In a study using the population-based Danish Registry (Grønborg 

et al., 2013), which contains 7,284 cases of ASD among 1.5 million children, there were 

no statistically significant sex differences in recurrence when considering sibling sex, and 

counter to the DT-LTM predictions, recurrence risk in male siblings of female probands was 

lowest (5.7; 95% CI 3.4–9.5). Finally, one unpublished study in the Danish iPsych cohort 

found that siblings of female probands (ASD without ID) demonstrated higher recurrence 

(Nf = 1,707; odds ratio [OR] 7.2) than those of male probands (Nm = 6,270; OR 3.8; Wigdor 

et al., 2021). However, it should be noted that these sibling recurrence rates were both 

substantially lower than those seen in prior studies (Grønborg et al., 2013; Ozonoff et al., 

2011), despite recurrence typically increasing for ASD without ID.

In summary, recurrence by proband sex has been examined using a wide range of study 

designs, and several of the larger studies do not support a Carter effect. In contrast, studies 

of other heritable disorders with a similar sex bias (pyloric stenosis, multiple sclerosis, and 
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clubfoot) (Carter, 1961; Kantarci et al., 2006; Kruse et al., 2008) provide stronger evidence 

for a Carter effect, which, given the very large ASD sample sizes, implies sufficient power 

to detect effects. In the future, more consistent subtyping of ASD cases with and without 

ID could be informative. Implementing both categorical and QAT measures could confer 

additional sensitivity and minimize ascertainment bias related to diagnosis by sex.

CORRELATION BETWEEN PENETRANCE FOR ASD AND SEX RATIO

One prediction of the DT-LTM is that the liability of a specific gene or variant, which is 

measured by penetrance or OR (Box 1), should be correlated with the sex ratio of those 

affected. Specifically, the greater the penetrance, the closer to 1 the sex ratio should be 

because highly penetrant variants would increase risk enough that both males and females 

cross the diagnostic threshold, whereas less penetrant mutations could fall between the male 

and female thresholds. Overall, for ASD cases carrying rare, highly penetrant (usually de 
novo) variants, the sex ratio is close to 1:1 (Turner et al., 2019). Thus, proportionally, 

females with ASD carry more highly penetrant de novo mutations (Iossifov et al., 2014; 

Jacquemont et al., 2014; Sanders et al., 2015; Turner et al., 2019). However, within the 

class of highly penetrant de novo mutations, there has not been any investigation of 

the relationship between sex ratio and ASD liability. For this reason, we examined the 

correlation between penetrance and sex ratio for ASD in several paradigms: (1) rare variants 

ascertained in non-syndromic genome-wide sequencing studies for ASD, (2) Mendelian 

disorders, and (3) quantiles of polygenic risk corresponding to varying ORs.

First, we compared a recent analysis of sex ratios by gene for rare variants (Turner et al., 

2019) with published penetrance data, focusing on 10 genes from the Simons Foundation 

Autism Research Initiative (SFARI) curated high-confidence ASD gene list (Abrahams et 

al., 2013) with the most publications and N > 10 cases observed in Turner et al., and thus 

better estimates of sex ratio. Contrary to the prediction of the DT-LTM, we did not find a 

negative relationship between penetrance and sex ratio (Figure 2A). However, one caveat is 

that penetrance data are from different sources with potential differences in ascertainment 

and diagnostic biases. Furthermore, due to the low rate of loss-of-function variation in high-

confidence ASD genes in the general population, it is difficult to precisely estimate ORs or 

penetrance without ascertainment by mutation. However, Satterstrom et al. also evaluated 

categories of genes based on their evolutionary constraint (Box 1) in the human population, 

with variants of more constrained genes being expected to confer greater liability. Although 

they found the expected relationship of elevated mutation rates in constrained genes in cases 

over controls, they did not find sex differences within ASD for the high or intermediate 

constraint genes (Satterstrom et al., 2020).

We also examined the ASD specificity (rather than neurodevelopmental disorders [NDDs]) 

of a given gene as another framework for penetrance or ASD-specific liability. Since the 

prevalence of highly constrained gene mutations is nearly zero in unaffected controls, we 

compared NDD (without ASD) with ASD penetrance in this high-liability category of 

mutation. Under the DT-LTM, higher ASD-specific liability genes should lead to ASD in 

females and in males equally (each gene having a threshold-crossing effect on liability, 

regardless of sex). Meanwhile, lower ASD-specificity genes (that also cause NDD) would 
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show increased M:F sex ratios, as the ASD-specific liability they contribute may not be 

sufficient to cross the greater female threshold. However, examining gene categories from 

Satterstrom et al. with SNV data by sex from Turner et al., genes with increased ASD 

specificity did not show the decreased sex ratios predicted using the DT-LTM. Instead, 

the proportion of males was higher with more ASD-specific genes. Taken together, the 

observations based on currently available data are inconsistent with the DT-LTM (Figures 

2B and 2C).

One limitation of both analyses is that they are based on loss-of-function variation in highly 

constrained genes. The data most useful for this kind of comparison may be intermediate 

penetrance mutations (e.g., damaging missense variants or strong regulatory variants), which 

might occur with sufficient frequency in controls to measure ASD ORs with confidence. 

Additional data may make these analyses possible in the future.

We next considered Mendelian syndromes that have moderate ASD penetrance but that were 

less likely to be ascertained due to ASD symptomatology alone and contained larger sample 

numbers to improve penetrance estimates. A 2008 review summarized syndromes with ASD 

penetrance ranging from 20%–90%; however, despite variations in penetrance, nearly all 

autosomal conditions showed equal sex ratios in ASD-affected probands (Abrahams and 

Geschwind, 2008). In several RASopathies with modest ASD penetrance, we did not find 

the DT-LTM predicted relationship between sex ratio and penetrance (Adviento et al., 2014). 

In our large study of Neurofibromatosis type 1 (NF1), 13% of NF1-affected subjects scored 

in the top centile of the population for ASD traits, and the sex ratio was 1.6:1 in this subset 

(Morris et al., 2016). Another example is tuberous sclerosis complex (TSC), which also 

exhibits moderate penetrance for ASD (25%–50%) (Specchio et al., 2020). In the largest 

study, no sex differences were found for ASD diagnosis within TSC, although another 

study reported a male bias of 1.6:1 (Mitchell et al., 2021; de Vries et al., 2007). Similarly, 

PTEN mutations (with intermediate penetrance for ASD) have sex ratios for ASD close to 

1 (Hansen-Kiss et al., 2017). The DT-LTM would predict that mutations carrying modest 

penetrance for ASD (i.e., NF1, TSC1/TSC2, and PTEN) would have more male-skewed sex 

ratios than highly penetrant syndromes or genes, such as CHD8 (Figure 2A, sex ratio 3:1; 

Hanly et al., 2021), but they do not.

Finally, we compared polygenic risk (binned into quantiles) with the sex ratio. When 

applying Grove et al. ASD PRS to proband data from Mitra et al., we found no difference 

in sex ratios between the lowest and highest quantiles, contrary to the predictions of the 

DT-LTM (Grove et al., 2019; Mitra et al., 2016). Likewise, we examined individual datasets 

with different sex ratios, as well as performed a meta-analysis, and found no evidence of 

differing sex ratios. Although the highest categories of PRS may still have lower ORs than 

monogenic causes of ASD, data across both categories of genetic variation fail to support a 

relationship between ASD penetrance and sex ratio.

POPULATION TRAITS

QATs are sometimes considered a proxy for ASD genetic liability. QATs usually derive from 

caregiver- or self-report questionnaires that quantify behaviors related to core ASD domains 
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of social communication and restricted, repetitive behaviors, comprising a continuum across 

typical and affected populations. We first evaluated the secondary assumption that measured 

QATs are closely related to genetic liability for ASD, so that we could determine whether 

the data collected for QATs fit the DT-LTM. Specifically, the DT-LTM predictions show that 

(1) the distribution of QATs in the general population has a lower (further from impairment) 

mean in females compared with males, but similar variance, and (2) that the mean difference 

between sexes can account for prevalence differences in diagnosis if the same “diagnostic” 

threshold is applied to both sexes (Figure 1B).

There are two lines of evidence demonstrating that some QATs may be reasonable 

proxies for liability. First, like ASD itself, QATs are highly heritable. Across twin studies, 

QAT heritability ranges from 0.4 to 0.8 for several instruments, including the social 

responsiveness scale (SRS) (Constantino and Todd, 2003), autism spectrum quotient (ASQ) 

(Baron-Cohen et al., 2006; Hoekstra et al., 2007), and childhood autism spectrum test 

(CAST) (Ronald et al., 2006). Heritability is also supported by family studies finding 

parent-offspring correlations in QATs, including in the general population (Klusek et al., 

2014; Lyall et al., 2014; Page et al., 2016). Second, QATs share heritability with ASD 

based on both behavioral genetic approaches and genetic association studies. Specifically, 

family studies (Lundström et al., 2012; Robinson et al., 2011) have identified overlap 

between heritable variation related to ASD and QATs, both at levels typical of the general 

populations and extremes consistent with ASD. In addition, human genetic studies identified 

common genetic signals for ASD and QATs through linkage (Coon et al., 2010; Duvall et 

al., 2007; Liu et al., 2008), genome-wide association studies (GWASs) (Bralten et al., 2018; 

Robinson et al., 2016; St Pourcain et al., 2010, 2018), and methylome-wide association 

studies (MWASs) (Massrali et al., 2019). Finally, ASD PRS also shows associations with 

QATs (Nayar et al., 2021; Takahashi et al., 2020). One study using several large ASD 

consortium and population-based resources (total n > 38,000) found that estimated genetic 

correlations between ASD and social communication traits ranged from rg = 0.27–0.30 

(Robinson et al., 2016). These findings support the secondary assumption that QATs reflect 

genetic liability for ASD, thus allowing us to use them to examine the DT-LTM.

Examining the predictions of the DT-LTM, QAT scores for females in the general population 

are shifted farther away from the ASD threshold than scores for males. For example, in 

the standardization sample for the SRS-2 (Constantino and Gruber, 2012), males show 

higher mean raw SRS scores (mean = 33) than females (mean = 28), indicating greater 

population-wide QAT burden in males (Figure 3). Higher population-wide QATs in males 

have also been observed in other quantitative measures, including the ASQ (Baron-Cohen et 

al., 2006; Greenberg et al., 2018; Hoekstra et al., 2007) and A-TAC (Lundström et al., 2019). 

Cross-cultural adaptations of these measures have also shown greater population-wide QATs 

in males (Cheon et al., 2016; Wakabayashi et al., 2006). This implies a fundamental sex 

difference in QATs across distinct cultures.

Although the higher population-wide QAT means in males conform to the predictions of 

the DT-LTM (Figure 1), other observations do not. For example, modeling the observed 

mean difference by sex in the SRS cannot create a large enough sex bias in the tail of 

the distribution (representing ASD) (Figure 3). Applying the same threshold (Figure 3A) to 

Dougherty et al. Page 11

Neuron. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both males and females produces a ~2-fold difference in the number of males to females 

above threshold, rather than the expected 4:1 ratio. In addition, when applying the SRS-2 

to the general population (Constantino and Gruber, 2012), higher variance was observed 

for males relative to females (SDmale = 25.2, SDfemale = 23.7). A difference in variance 

explicitly violates the prerequisites of the DT-LTM. Taken together, although evidence 

supports overlapping genetic factors and a male sex bias for both ASD and QATs, properties 

of the population-wide distributions of QATs in males and females and variance in scores for 

each sex do not conform to prerequisites and predictions under the DT-LTM.

CLINICAL FEATURES AND SEX RATIO

There are additional testable predictions of the DT-LTM if we can accept specific 

assumptions about clinical features. One common assumption is that clinical features 

correlate with genetic liability. This is true for Hirschsprung’s disease, where, as the severity 

of the phenotype increases (longer affected segment of the colon), the sex ratio decreases 

(Badner et al., 1990). However, for scoliosis, which exhibits a Carter effect, recurrence 

does not seem to vary with the severity of scoliosis (Rudnick et al., 2018). For ASD, a 

relationship between severity and liability would be supported by the correlation of specific 

clinical features with measures of high genetic liability, such as a family history of ASD, 

ORs of known variants, or PRSs. For this reason, we reviewed the evidence for a common 

co-morbid feature, ID, as well as for core features of ASD. If we find a correlation between 

any clinical features and genetic liability, we could then test the DT-LTM prediction that 

females with ASD have more severe clinical features than males.

Clinical co-morbidities

Existing data strongly indicate that those ASD cases with highly penetrant rare genetic 

variants (both syndromic conditions and de novo mutations) are more likely to have co-

morbid ID. However, it is not clear whether this principle holds for specific categories 

of rare variants. For example, our study of RASopathies showed that the level of average 

intellectual impairment did not predict the penetrance of ASD (Adviento et al., 2014). To 

expand this analysis to other well-studied, highly penetrant mutations causing ASD, we 

extracted the rates of ID and ASD from the 22 SFARI high-confidence genes with the most 

publications. These data did not support a positive relationship between penetrance for ID 

and ASD across genes (Figure 4). However, these results should be interpreted cautiously: a 

relatively small subset of ASD genes is currently available, rates were not obtained by using 

a uniform process or from a single study (thus ascertainment biases across studies cannot be 

ruled out), and conditional probabilities (e.g., ASD with ID) cannot be derived from these 

reported data.

Finally, contrary to expectations if ID correlates with ASD liability, polygenic risk for 

ASD is positively associated with IQ or educational attainment. Specifically, estimation of 

genetic correlation revealed that years of education was positively correlated with polygenic 

ASD risk, and this was not explained by oversampling from more highly educated parents 

(Bulik-Sullivan et al., 2015). Furthermore, polygenic risk for ASD calculated from GWAS 

studies demonstrated a positive correlation with general cognitive ability and IQ (Clarke et 
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al., 2016). Overall, there is not a consistent pattern of association between genetic liability 

and IQ for either rare or common variation.

Core features

We also did not find consistent evidence to indicate that severity of core ASD symptoms/

features are associated with genetic liability. Although individuals with “high-functioning” 

ASD have fewer highly penetrant pathogenic variants (Jensen et al., 2020), the definition of 

“high functioning” is tied to IQ/ID, rather than to core ASD features. Regardless, for rare 

variants, the relationship to severity of symptomology is not a clear one: for example, autism 

diagnostic observation schedule (ADOS) scores, which index ASD symptom severity, did 

not track with rare variants in a recent study (Balicza et al., 2019), and CNV carriers do not 

have a more severe symptom profile than those with idiopathic ASD (Chawner et al., 2021). 

Of two recent studies (Antaki et al., 2022; Warrier et al., 2022) examining core features 

of ASD, only one (Antaki et al., 2022) showed de novo variant associations with one 

measure of core features (social communication questionnaire [SCQ], although not SRS). In 

both studies, ASD polygenic liability showed a small, but significant, association with core 

features measured by SCQ (but not SRS or repetitive behavior scale [RBS]) (Antaki et al., 

2022), or SCQ and RBS (Warrier et al., 2022). Together, the overall evidence that genetic 

liability scales with severity is weak, as it would be expected for all sources of genetic 

liability (i.e., de novo and PRS). As there is no clear relationship between clinical features 

and genetic liability, any observed sex differences in clinical features would not support a 

DT-LTM. In addition, the sex differences observed have tended to be small and inconsistent, 

and new approaches to assessment are likely to be needed (Van Wijngaarden-Cremers et al., 

2014).

SEX RATIO VERSUS POPULATION PREVALENCE

Over the past several decades, there has been considerable debate regarding the increased 

prevalence of ASD. Several factors related to ascertainment have been proposed to 

contribute, including increased detection of less impaired individuals, younger age at 

diagnosis, changes in practice around dual diagnoses of ID/ASD, service availability for 

ASD versus other diagnoses, and changes in ASD diagnostic criteria. If prevalence is 

linked to genetic liability, we can make predictions about sex ratios under the DT-LTM. 

For example, there are known relationships between genetic risk and “high-functioning” 

ASD, as well as “low-functioning” ASD co-morbid with ID. The former is expected to be 

driven by inherited or polygenic risk and, therefore, associated with individuals closer to the 

threshold (and thus more male-biased under the DT-LTM), whereas the latter is predicted 

to be associated with highly penetrant genetic variants (less male-biased). Most studies 

estimate that the increased dual diagnosis of ID and ASD accounts for a small proportion of 

the increased prevalence, with the majority accounted for by broadening criteria to include 

“higher-functioning” individuals (King and Bearman, 2009; Lundström et al., 2015; Nassar 

et al., 2009). When we examined a comprehensive CDC review of prevalence estimates 

(Centers for Disease Control, 2020), we observed a decrease in ID comorbidity with ASD 

over time (correlation between year and percent of ASD with IQ < 70, r = −0.477, p < 

0.00162). Under the DT-LTM, we expect M:F sex ratios to decrease as prevalence increases 
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if we are moving the threshold to include a greater proportion of lower-liability individuals 

(Figures 5A–5D). However, although the prevalence estimate doubled between 2008 and 

2016 in the United States, the sex ratio remained stable.

In order to examine changes in prevalence, it is possible to study the international 

classification of disease codes (versions 9 and 10) (ICD-9/ICD-10) diagnosis at age 15 as a 

function of birth year in Sweden. Considering birth years from 1987 to 2002, the sex ratio 

remains stable as well, with a differing sex ratio ~2. Likewise, a comprehensive examination 

of all prevalence studies reveals that although prevalence increases (Figure 5E), the sex ratio 

does not change (Figure 5F).

We acknowledge that extant data have limitations when correlating specific changes in 

ascertainment to likely sources of sex bias in ascertainment. For this reason, we rely on the 

assumption that changes in diagnosis in the population would intersect with sources of sex 

bias in diagnosis (e.g., diagnosis of lower-functioning individuals would be less influenced 

by clinician sex bias than that of “higher-functioning” individuals). However, given this 

assumption, the data do not support a DT-LTM.

PREREQUISITES UNDERLYING THE LTM

The underlying assumptions of the DT-LTM are that (1) ASD has multifactorial risk factors 

in both sexes, (2) the shape and variance of the liability distribution is identical across 

sexes, and (3) risk factors are identical for males and females. However, close examination 

suggests that these criteria might be violated.

Multifactorial risk

There is clear evidence for multifactorial risk in both sexes. As reviewed above, PRS 

consistently shows case-control differences in both males and females, and rare de novo 
mutations contribute to ASD in both sexes. Moreover, inheritance patterns are complex in 

both sexes, with simple dominant, recessive, and X-linked patterns of inheritance violated 

for males and for females. Taken together, the multifactorial liability prerequisite is well 

supported.

Equal variance

When examining QAT data, in addition to the difference between male and female 

population means, variance is greater in males in the general population (e.g., SRS; 

Constantino and Gruber, 2012). Provided that QATs reflect genetic liability, the equal 

variance prerequisite is then violated. Adding this greater variance to our modeling better 

approximates the 4:1 M:F ratio (Figures 2B and 2C). Increased male variance can explain 

sex differences in diagnosis without creating large differences in heritability, as has been 

previously described (Traglia et al., 2017). Therefore, variance differences could also be 

consistent with lack of heritability sex differences observed in most ASD studies.
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Same risk factors and perfect genetic correlation

The DT-LTM requires that risk factors are identical between sexes, but this prerequisite 

is violated by risk factors on the X chromosome, although the magnitude is debatable. 

First, two well-known Mendelian conditions associated with ASD risk are X-linked, FMR1 
in Fragile X syndrome (male-biased; Verkerk et al., 1991) and MECP2 in Rett syndrome 

(female-biased; Amir et al., 1999). Furthermore, one study in ~1,500 probands and ~5,000 

controls suggested that mutations in the genes on the X chromosome that have no Y-

equivalent in males contribute to ~2% of genetic liability for ASD (Lim et al., 2013). 

Likewise, in common variant data (Box 1), we observed nominal enrichment of association 

signal on the X chromosome in males and significant sex heterogeneity (Box 1) on the X 

chromosome in contrast to autosomes (Mitra et al., 2016). We have also shown female (but 

not male) enrichment for rare variants in X chromosome genes (Turner et al., 2019).

As the X chromosome is less well studied than the autosomes, there remain open questions 

about whether the X chromosome could explain sex differences in prevalence. If there were 

a large class of rare X variation that was lethal in males (i.e., more genes like MECP2 and 

DDX3X) and led to ASD in females (suggested by Turner et al. data), this would not result 

in increased male prevalence. Other work also identified genes with excess mutations on the 

X chromosome (Piton et al., 2011; Niranjan et al., 2015; Martin et al., 2021); however, the 

burden of protein-coding variation on the X chromosome was not sufficient to explain the 

sex bias (Martin et al., 2021). Likewise, substantial X chromosome (or other sex-limited) 

risk leading to increased male prevalence should also lead male probands to have more 

male-affected siblings than female probands, which has not been observed (Messinger et 

al., 2015; Ozonoff et al., 2011). Overall, if one were to exclude the X chromosome, it 

remains an open question as to whether the remaining autosomal risk factors would be 

identical between males and females. As sample sizes increase, this should be addressable. 

It should be noted that a substantially lower bar is required for X-linked liability to 

violate the DT-LTM. The X chromosome accounts for ~5% of the genome; hence, even 

a slightly disproportionate role in ASD liability would be sufficient to violate this DT-LTM 

prerequisite.

SUMMARY

We have systematically delineated specific prerequisites and predictions of the DT-LTM, 

often referred to as a FPE in ASD. We assessed evidence in: (1) heritability, (2) recurrence, 

(3) correlation between sex ratio and penetrance, (4) population traits related to ASD, (5) 

clinical features reflecting liability, and (6) changes in sex ratio with prevalence and (7) 

examined the pre-requisites of the DT-LTM (Figure 6). We failed to find consistent support 

for DT-LTM when considering predictions for rare and common variant liability (de novo 
or inherited). Our conclusions from the published literature similarly argue against other 

simplistic models to explain sex bias (or “female protection”), such as sex chromosome 

contributions (inconsistent with recurrence patterns) or ascertainment bias (inconsistent with 

the stable ratio over time). Finally, population-level sex differences in ASD-related QATs 

cannot account for the 4:1 prevalence difference (Figure 4). Although there are some data 

indicating the true sex ratio may be somewhat lower (e.g., 3.2:1) due to likely diagnostic 
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bias (Loomes et al., 2017), the only category where we specified this ratio (QATs) also 

demonstrated differing variance by sex, which could alone violate the DT-LTM. However, a 

reduced “true” sex ratio might also reduce the power to detect differences in heritability or 

recurrence consistent with the DT-LTM, if missed cases are independent of their liability.

There are inherent limitations to our review. Our hypothesis testing was limited to existing 

data, primarily from studies not specifically designed to test the DT-LTM. For example, 

co-occurring ID has not been consistently reported and could refine many analyses. Future 

investigation of categories of genetic variation with intermediate ASD liability, such as 

missense or regulatory mutations, may also help bridge observations about genetic variation. 

In some cases, we have combined data from studies with different ascertainment, designs, 

strengths, and limitations to assess domains with limited investigation, and we recognize that 

some of these data were not ideal for testing our hypothesis. Additionally, our modeling 

was performed with assumptions and parameters that may not perfectly fit real-world data. 

A final limitation is that our analyses (and largely the field) examine sex differences 

based on binary chromosomal sex only, as self-reported gender has historically not been 

collected for most large studies (and may be difficult to reliably ascertain in non-verbal 

individuals and young children). Thus, individuals not fitting binary sex categories or with 

reported gender not matching chromosomal sex may have been excluded from genetic 

datasets but could add important information to the future study of sex differences. These 

limitations notwithstanding, the strength of this investigation is that we utilized a variety of 

independent data sources, study designs, and domains to be as comprehensive as possible. 

Taken together, we believe that alternatives to the DT-LTM are needed to better fit the 

entirety of the observations.

We also propose that “female protection” is not sufficiently well defined to be a useful 

concept for ASD, unless restricted to referring to the observation of fewer females with 

diagnoses. Distinct mechanisms of female protection from ASD unrelated to a liability 

threshold may exist. These etiologies, such as a second X chromosome, male-specific 

autosomal risk loci, different early hormonal exposure, or cultural socialization could 

individually generate testable predictions to be examined.

TOWARD ALTERNATE MODELS TO EXPLAIN THE SEX DIFFERENCE IN 

ASD

With better power in the future, some of the analyses described herein might determine 

whether some aspects of differing liability thresholds by sex exist for ASD. However, 

we believe that the preponderance of evidence argues for alternatives to the DT-LTM. 

A number of robust observations may provide clues for proposing a different model 

better fitting all available evidence. (1) Heritability appears to be equivalent in males 

and females, and male bias is retained similarly in affected siblings of male and female 

probands (Messinger et al., 2015; Ozonoff et al., 2011). (2) The sex bias is reduced when 

considering only rare, highly penetrant (frequently de novo) individual variants. (3) QATs 

in the general population are biased toward males in mean values but may also differ in 

variance by sex. (4) Sex ratios have remained exceptionally stable, despite huge increases in 
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prevalence over time. These observations can help refine alternative models most likely to 

fit existing data. Below, we consider alternatives to both aspects of the LTM, specifically 

considering possibilities for threshold-less models and models with sex differences in 

liability distributions. We can then speculate about what neurobiological mechanisms could 

cause different liability distributions by sex, and which neurobiological measures could be 

used to explore alternative genetic models explaining sex differences. Finally, we propose 

potential patterns in genetic data like those examined above that might be consistent with 

alternative models.

Non-threshold model: Canalization

To our knowledge, few alternatives to a threshold concept have been investigated. In 

developmental biology, one alternative model is canalization. Canalization is the suppression 

of genetic and environmental variation allowing most of the population to maintain an 

evolutionarily beneficial phenotype through inherently stochastic developmental processes 

(Waddington, 1942). Several observations are in keeping with a model whereby ASD 

occurs following loss of developmental buffering under canalization. For example, above 

the clinical threshold of ASD, QATs appear more strongly influenced by stochastic, random 

environmental variation (Castelbaum et al., 2020). Prospective infant sibling studies have 

consistently observed pre-diagnostic developmental deviations across multiple domains prior 

to ASD, including those related to core ASD features (e.g., early communication skills) 

as well as domains less specifically associated with ASD (e.g., motor function) (Estes et 

al., 2015; Miller et al., 2017). Robustness of typical developmental outcomes might explain 

why it is difficult to find mutations with >50% penetrance for ASD, either in syndromic 

conditions or highly penetrant mutations (Figure 2A). We also did not find any evidence for 

correlation between core feature severity and genetic liability, consistent with suppression 

of the effects of genetic variation and influence of stochastic developmental processes. 

However, the full range of phenotypic variation observed in QATs and their high heritability 

and correlation with ASD does not seem to fit a canalization model. Although the large 

role of stochastic variation in the canalization framework also does not fit with high ASD 

heritability estimates for ASD, these estimates have been obtained after ASD occurs. To test 

the potential impact of canalization, heritability of domains contributing to the development 

of ASD, including by sex, warrants characterization prior to the age of ASD diagnosis.

Differing liability distribution models

What would models for sex differences in the liability distribution look like? We envision 

several scenarios extrapolated from single locus models. First, we might see differing 

variance in the liability distribution by sex, with a similar or slightly different mean (e.g., 

Figure 3B). Second, we could see skewing from normality for one or both sexes (which 

could also impact variance). Third, we could see differing underlying contributions (e.g., 

different genes contributing for each sex or different effect sizes by sex for each gene), 

which could occur with or without differences in variance.

One key observation to support sex differences in liability distributions is that the difference 

in mean population QATs between males and females is insufficient to result in a 4:1 

difference at the extremes (Figure 3), unless males have higher variance. The idea of 
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“greater male variation” (variance) was initially thought to drive sex differences in 1972 

(Ounsted and Taylor, 1972) and was proposed more specifically for ASD since the 1980s 

(Ferri et al., 2018; Lai et al., 2015; Tsai and Beisler, 1983). In prior work, we have 

shown that variance differences do not need to create differing heritability to generate 

large prevalence differences (Traglia et al., 2017), consistent with similar ASD heritability 

by sex. Increased variance in liability could also be consistent with different sex ratios 

in different categories of genetic risk (e.g., de novo, highly penetrant versus heritable, 

polygenic variation). It would be interesting to test whether such increased liability variance 

in males could also be consistent with very stable sex ratios, despite increasing population 

prevalence (Figure 5), if the DT-LTM is not applied.

Several plausible neurogenetic mechanisms might lead to greater variance in genetic liability 

in males than females. First, the sex chromosomes could be driving greater male variance 

directly or indirectly. Because of their hemizygous status, X and Y loci may show greater 

variance in males than in females in gene expression in the presence of any genetic variation 

influencing expression on the sex chromosomes. This could be important for risk loci on 

the sex chromosomes and also for autosomal risk loci downstream of sex-linked chromatin-

modifying genes (e.g., sex-linked lysine demethylases, KDM5D, KDM5C, and KDM5A). 

Second, epigenetic states influenced by sex may lead to greater male variation in expression. 

Third, sex differences in placental biology could also lead to differences in the robustness 

or variance of early brain development. Fourth, male hormonal surges during the prenatal 

or neonatal stages may establish inter-individual variation. Some of these mechanisms are 

being explored in mammalian model systems, but differences in X chromosome activation 

and brain development across species might make more research in primates and using 

human tissues (placenta and fetal brain) necessary to understand the relevance of these 

phenomena for human NDDs.

Model predictions

Predictions of a model with different liability distributions by sex could be assessed using 

behavioral measures, as one example. Any measure correlated with ASD liability would also 

be expected to show greater variance under this model and can thus be used to explore the 

likelihood of this alternative model. Currently, quantitative behavioral scales such as SRS 

and broad autism phenotype questionnaire (BAP-Q) are robustly correlated with genetic 

liability, i.e., close relatives of ASD probands who are themselves unaffected show values 

intermediate between ASD and population controls, and genetic correlation exists between 

these measures and ASD (Constantino and Todd, 2005; Constantino et al., 2010; Maxwell 

et al., 2013). By toddlerhood, language scores have also shown intermediate values for 

unaffected siblings of ASD probands in comparison with ASD-affected siblings and controls 

without a family history of ASD (Marrus et al., 2018). Recent behavioral data also appear 

promising with respect to behavioral flexibility and response inhibition (Cheng et al., 2021).

Several neurobiological measures may also be correlated with ASD liability and useful 

for testing alternative models to the DT-LTM. In idiopathic ASD, both increased rates of 

macrocephaly and increased head circumference (HC) have been robustly found, with high 

heritability for HC in the general population and ASD probands (Lai et al., 2014; Kanner, 
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1968; Chaste and Leboyer, 2012). Unaffected siblings have an intermediate distribution of 

HC between controls and ASD (Constantino et al., 2010). HC is correlated with core ASD 

features, like social functioning and delayed language, where variance in ASD is increased 

compared with unrelated controls (Green et al., 2019; Stevenson et al., 1997; Sacco et al., 

2007; Chawarska et al., 2011; Lainhart et al., 2006; Rommelse et al., 2011; Nordahl et al., 

2011). Blood serotonin levels are another consistent ASD biomarker that correlates with 

genetic liability to ASD. Hyperserotonemia (>95th centile) is relatively common in ASD 

(25%) and correlated in unaffected first-degree relatives of ASD probands, and serotonin 

levels are highly heritable in the general population (Muller et al., 2016). Sex differences 

in serotonin have been widely reported, with female levels typically increased, but no 

differences in variance have been reported. Our genetic study of serotonin levels in a 

founder population identified differences in heritability estimates by sex, including greater 

contribution of dominance/interaction in males, and differences in genetic loci associated 

with serotonin levels, both potentially leading to differences in liability distributions by 

sex (Weiss et al., 2005). Further studies, including X chromosome modeling, estimates 

significant X-linked heritability (with dosage-compensation) for serotonin in this population 

(Pan et al., 2007). There have also been some functional MRI measures elevated in female 

relatives of ASD probands (e.g., altered response to biological motion), but replication data 

are less clear (Eggebrecht et al., 2020; Kaiser et al., 2010). Other potential biomarkers 

to investigate for their correlation with ASD liability might be increased variance in gene 

expression in specific gene regulatory networks or developmental time points or involving 

particular brain structural elements, immune molecules, or functional connectivity measures.

Genetic mechanisms

What genetic mechanisms might produce such increased variance? Falconer recognized 

the importance of differences in variance in liability explicitly, indicating that one manner 

whereby such increased variance could occur is “that some genes affect the liability in one 

sex but not in the other” (Falconer, 1965). This phenomenon would be consistent with an 

epistatic or interaction model, or “genetic heterogeneity”—that the genetic factors driving 

ASD may be different in males and females or have differing effects (Szatmari et al., 2012). 

This sex heterogeneity can produce differing genetic variance without differing thresholds 

(or means), which could lead to the observed 4:1 ratio in the absence of generalized female 

protection. If sex differences in ASD were driven by risk loci primarily affecting males (or 

protective loci primarily affecting females), including those on the X/Y chromosome, we 

would expect some specific patterns in families. If some male-specific risk loci were highly 

penetrant, we should observe unaffected mothers transmitting risk variants to affected sons. 

This has been observed in some limited examples (Antaki et al., 2022; Krumm et al., 2015; 

Yu et al., 2013) but is not yet supported as a widespread pattern. Similarly, we might see 

some de novo gene mutations accumulating disproportionately in males (>4:1). In general, 

this does not occur but may exist at specific loci (e.g., CHD8). Alternatively, if sex-specific 

risk were mostly restricted to the polygenic component of ASD, it would be consistent 

with the observed reduced sex ratios for highly penetrant de novo mutations and would 

explain why we have not yet widely seen the inheritance pattern above. However, such 

transmission of polygenic risk should be observable with increased GWAS power to detect 

sex differences and generate sex-specific PRS. It should also manifest as higher heritability 
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for male-only and female-only estimates compared with combined-sex estimates, which is 

typically performed only for twin studies (but is limited in power). In multiplex families, 

sex-specific loci would manifest as increased ratios of same-sex affected pairs (i.e., families 

with female probands would have more even sex ratios and families with male probands 

would have increased sex ratios). To date, there is scant support for this at current sample 

sizes; however, further studies and modeling may uncover support.

Molecular experimental approaches

Support for specific genetic models could suggest further molecular experimental 

exploration of underlying mechanisms. Here, we will use a sex-by-genetics epistasis model 

as an illustrative example. If sex heterogeneity is ultimately observed in ASD genetic 

data, plausible biological mechanisms (e.g., variants altering sex hormone binding sites, 

Figure S2) could be measured in a number of ways. First, functional genomics assays 

(e.g., ATAC-seq, high-throughput reporter assays) could be applied to postmortem brain 

samples of typically developing individuals during critical developmental time points and in 

ASD-related structures for sex differences in gene expression. In at least one prior study, 

it was shown that genes expressed at higher levels in males are over-represented among 

those upregulated in post-mortem brain tissue of individuals with ASD (Werling, 2016). 

Second, molecular genetic approaches can be used to explore epistatic effects of sex on 

polygenic risk by determining whether regulatory elements that are influenced by common 

variants associated with ASD tend to show differential expression in males versus females. 

A prediction might be that in general, such sex-interacting variants occur more frequently 

in ASD-associated loci than across the genome. Regarding rare variants, those that are 

shown to be preferentially associated with ASD in one sex could provide key insights into 

general mechanisms of sex epistasis; to the best of our knowledge, the only autosomal gene 

associated with ASD that exhibits a robust sex ratio is NF1 (Morris et al., 2016), for which 

animal and circuit studies are in progress. Additional well-powered studies to identify and 

functionally assess other genes could be conducted.

Mixed models

Finally, it is also worth noting that some kind of mixed model could exist, such that some 

cases fit a DT-LTM, whereas others adhere to a different model. This is difficult to either 

support or refute without an a priori hypothesis about a defined subset of ASD that will 

follow the DT-LTM and an alternative model that the remainder might fit. The strongest 

supporting data for a DT-LTM are the reduced sex ratio in carriers of highly penetrant 

variants, increased rate of ID in females, and the shifted mean of QATs such as the SRS; 

however, in each case, much of the available evidence fails to fit the predicted expectations, 

such as the lack of expected correlation between penetrance of ASD and sex ratio or ID 

and increased SRS variance in males. Thus, mixed models may be hard to prove or disprove 

without further specification.

As male sex remains the known risk factor explaining the greatest amount of trait variance, it 

is critical to understand the model underlying sex bias in ASD. Improved understanding 

of the interactions between sex and genetic liability could lead to identification of 

specific categories of genetic variation sensitive to sex (e.g., based on molecular function, 
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cellular expression, or genomic classification), which could, in turn, result in both new 

neurobiological insights into the pathophysiology of ASD, as well as improved sex-

personalized diagnostics, treatment approaches, and genetic counseling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1.

Definitions of human genetics terms

Carter effect:

the prediction that in a complex genetic condition with differing prevalence by sex, 

familial recurrence will be higher when an affected family member is of the less 

commonly affected sex. For ASD, higher familial recurrence is predicted for females 

relative to males with ASD.

Constrained gene:

a gene which strongly influences the likelihood of survival or reproduction and in which 

mutations are rapidly selectively removed from the human population.

Constraint:

limitation on the prevalence of gene mutations in the context of selective pressures 

related to the gene’s influence on survival and/or reproduction.

Epistatic model:

a model involving risk that cannot be added up across independent risk factors (or genetic 

loci) but involves statistical interaction between loci, or between loci and sex.

Heritability:

the proportion of variation in a trait or diagnosis that is due to genetic variation. This 

ranges from 0 to 1 and can be estimated using information about trait similarity and 

genetic similarity, where genetic similarity is estimated either from family relationships 

or SNP genotyping.

Liability:

the sum of the effects of all risk factors for a given condition. This is assumed to be 

normally distributed across the population.

Liability threshold:

the amount of liability needed to develop a condition.

Multiplex:

a family with multiple individuals with ASD.

Odds ratio:

a statistical measure of how much more likely a person is to be diagnosed with a 

condition if they carry a particular genetic variant.

Penetrance:

the likelihood of a clinical condition in the presence of a particular genetic variant, 

generally considered in terms of the proportion of individuals with that genetic variant 

who have the condition.
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Polygenic:

a trait or diagnosis that is influenced by many genes or genetic loci.

Polygenic risk score (PRS):

an estimate of an individual’s genetic liability for a trait or disease based on genetic data 

from many loci. The PRS is based on the sum of risk alleles weighted by risk allele effect 

sizes, as estimated by genome-wide association study (GWAS) data.

Proband:

the initial family member identified with a trait or disease.

Quantitative autistic trait (QAT):

an ASD-related feature measured according to ratings along a continuous scale, allowing 

detection of relevant variation in individuals with and without ASD. Higher scores 

indicate a greater level of ASD-related features and a stronger association with ASD 

diagnosis. Well-known QAT metrics include the social responsiveness scale, broad 

autism phenotype questionnaire, and autism spectrum quotient.

Risk variants:

differences in nucleotide sequences that demonstrate a statistical association with 

increased risk of disease across a population.

• de novo variant: a variant found in the child, but not in either parent, 

indicating a mutation that arose in a germ cell or in the fertilized egg

• rare variant: variants found in <1% of a population

• common variant: variants found in >1% of a population

Sex heterogeneity:

differences by sex. A genetic model of sex heterogeneity would be differing genetic risk 

factors for males and females.

Simplex:

a family with a single individual with ASD and no family history of ASD.

Single-nucleotide polymorphism (SNP):

a genetic variant involving a single-nucleotide difference across individuals with 

frequency of at least 1%. SNP is often used as a synonym for a common variant.
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Figure 1. The liability threshold model
(A) This normal curve illustrates ASD liability in a population. Individuals exceeding a 

liability threshold would be diagnosed with ASD (shaded areas). The 4:1 ratio of males to 

females under the DT-LTM can be observed with the female threshold being shifted to the 

right.

(B) A variation of this model conceptualizes that a single ASD threshold exists for the 

population. In this version, both males and females would have normal distributions of ASD 

liability, but the male mean would be shifted slightly toward ASD, such that more males 

cross the single diagnostic threshold (black line) to yield a 4:1 ratio.

(C) The LTM has three explicit prerequisites: risk must be multifactorial and additive, the 

genetic risk factors and their relative impact must be identical between sexes (perfect genetic 

correlation), and the variance in liability must be the same for both sexes.
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Figure 2. Relationship between sex ratio and ASD penetrance rates
(A) The DT-LTM predicts more strongly penetrant ASD genes (y axis) should show a lower 

proportion of males (x axis). We have plotted currently available data for high confidence 

ASD genes with >25 cases to report ASD rate and >10 cases with sex reported. At current 

sample numbers, these do not show the predicted relationship (r = 0.58, p = 0.082).

(B) In (B), genes with more mutations observed in neurodevelopmental disorders (NDDs) 

are labeled NDD > ASD and those with more mutations observed in ASD are labeled ASD 

> NDD. The ASD > NDD genes are those we interpret as having greater specific ASD 

liability under the DT-LTM. NDD > ASD genes have lower sex ratios than those genes 

where ASD > NDD for all three association strength cutoffs (FWER < 0.05, FDR < 0.05, or 

FDR < 0.1). ASD > NDD genes are thus consistently more male biased, contrary to the DT-

LTM. Association data for ASD and differences between NDD and ASD from Satterstrom 

et al. (2020), and data on mutations observed by sex are from Turner et al. (2019). Because 
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ASD gene Ns are lower in Turner et al. and only one gene showed significant heterogeneity 

(p < 0.05) with more mutations in ASD in Satterstrom et al., we used a lenient p < 0.25 

threshold.
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Figure 3. The difference in the means of a QAT does not account for the difference in the 
extremes when constrained by the “equal variance” prerequisite of the DT-LTM
Population SRS scores show a male bias in the ASD-impaired direction.

(A) Parameterizing two normal curves with these population means, but the same variance, 

as expected under the LTM, will result in a <2:1 ratio of males (blue shading) and females 

(red shading) exceeding a diagnostic threshold (dashed line) of 70.

(B and C) (B) Parameterizing with the same means, but with the observed SRS male and 

female standard deviations increases the ratio to nearly 4. (C) Predicted M/F ratios in 

individuals exceeding the thresholds in (A) and (B). A cutoff of 70 was selected here for 

illustration, but similar results are seen with a variety of diagnostic thresholds.
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Figure 4. Rate of ID does not positively correlate with rate of ASD across monogenic causes of 
ASD
Literature review of most well-studied ASD-associated genes does not indicate there is a 

positive correlation between rate of ASD diagnosis and rate of ID diagnosis (r = −0.011, p 

= 0.07). This suggests a given gene’s prevalence of ID (when mutated) cannot be used as a 

proxy for that gene’s contribution to genetic liability for ASD.
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Figure 5. ASD prevalence changed over time although M:F ratio did not
A histogram (A) of M:F ratios from a comprehensive review of 200 ASD prevalence studies 

from 1966 onward (Centers for Disease Control, 2020) indicates a mean M:F ratio of 4.1. 

The DT-LTM predicts that if the agreed threshold to diagnose ASD is shifting over time to 

be more lenient (e.g., to go from ~ 1:2,000 in 1999, illustrated in (B), to 1:54 in 2020, as 

illustrated in (D)), it should have also altered the M:F ratio exceeding that new diagnostic 

thresholds from 4.1 to 2.6:1. ((C) and (E) are zoomed views of (B) and (D), respectively). 

Examining the dates of each of the 200 studies shows that although (F) prevalence rates 

(in cases per 1,000) of ASD have gone up with time (Pearson’s r > 0.5), (G) sex ratios 

(M:F) have remained flat or slightly increased (Pearson’s r > 0.1). The DT-LTM predicts 

they should have gone down (gray line: observed linear fit to data, orange line: expected line 

from 4.1 to 2.6).
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Figure 6. Summary of evidence regarding the LTM in ASD suggests the model should now be 
rejected
A theory can be disproven by a single counterexample. Although no single study is perfect, 

across our 7 domains of review and inquiry, we identified multiple lines of evidence that did 

not support the FPE/DT-LTM (red) or had evidence from several large studies that disagreed 

in their conclusions (e.g., epidemiology). Although some observations remain consistent 

with some aspects of the DT-LTM (green), the number of counterexamples here indicates 

new models are needed that can better fit the entirety of the observations.
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