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The guidelines provided by American College of Medical Genetics and Genomics (ACMG) and 
the Association of Molecular Pathology (AMP) (ACMG/AMP guidelines) suggest a framework 
for the classification of clinical variants. However, the interpretations can be inconsistent, with 
each definition sometimes proving to be ambiguous. In particular, there can be difficulty with 
interpretation of variants related to the X-linked recessive trait. To confirm whether there are biases 
in the interpretation of inherited traits, we reanalyzed variants reported prior to the release of the 
ACMG/AMP guidelines. As expected, the interpretation ratio as pathogenic or likely pathogenic was 
significantly lower for variants related to the X-linked recessive trait. Evaluation of variants related 
to the X-linked recessive trait, hence, need to consider whether the variant is identified only in males 
in accordance with the X-linked recessive trait. The ACMG/AMP guidelines should be revised to 
eliminate the bias revealed in this study.

1. Introduction

When medical diagnoses are difficult to achieve based 
on just the clinical information, patients and their 
families often experience a "diagnostic odyssey" that 
requires unnecessary medical evaluations (1). The longer 
the diagnostic odyssey, the greater the disadvantage 
to the patients and their families. Patients subjected to 
a diagnostic odyssey may have rare and undiagnosed 
genomic disorders that can only be identified using 
genomic analyses. Rare diseases only occur in a fraction 
of the general population. However, collectively, they 
comprise approximately 7,000 different disorders, 
the majority of which have a genetic origin (2). Thus, 
systematic and comprehensive genomic analyses to 
identify the causative genetic variants of rare and 
undiagnosed diseases would assist patients and their 
families (3).
 Massive parallel sequencing analyses using next 
generation sequencing to detect causative variants of 
Mendelian disorders in undiagnosed patients have led to 
the identification of unprecedented numbers of genomic 
variants. Almost all variants have been unrelated to the 
disease diagnosis. Thus, for Mendelian disorders, the 
identification of one or two disease-causing sequence 

variants typically represents a bottleneck in the filtering 
of many sequence variants (4). This filtering step 
generally uses population data, computational predictive 
data, variant types, gene-specific information, variant 
segregation, and functional data (5). After narrowing 
down the potential candidate variants, it needs to be 
determined whether these variants are indeed causative. 
This requires a process of systematic interpretation. 
In 2008, the American College of Medical Genetics 
and Genomics (ACMG) issued recommendations for 
interpretative categories of sequence variants (6). In 
2015, a workgroup of the ACMG and the Association 
of Molecular Pathology (AMP) provided defined terms 
and detailed variant classification guidance as updated 
standards and guidelines for the interpretation of 
sequence variants (7).
 The ACMG/AMP guidelines are recommended for 
the interpretation of sequence variants in Mendelian 
disorders. Using the guidelines, variants are classified 
into five categories: pathogenic, likely pathogenic, 
uncertain significance (VUS), likely benign, and benign 
(8). However, the interpretations can be inconsistent, 
with each definition sometimes proving to be 
ambiguous, and molecular geneticists can have a bias 
favoring overestimation of pathogenicity (9). Therefore, 
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it is necessary to share the nuances that enable more 
accurate variant interpretations to be obtained among 
molecular geneticists through professional training 
(10). The guidelines in fact mention that it is necessary 
to develop more focused guidance regarding the 
classification of variants in specific genes (7). Indeed, 
hearing loss-specific guidelines have been established, 
and these have resolved discrepancies in variation 
classification, leading to more consistent results for 
patients in need of an accurate diagnosis (11).
 In the past decade, we have participated in research 
to identify the genomic background of patients with 
undiagnosed neurodevelopmental disorders (12). 
In this research project, we experienced difficulties 
in determining disease-causing variants related to 
X-linked genes, and we considered whether the ACMG/
AMP guidelines may exhibit biases in the scoring 
system depending on the mode of inheritance. Here, 
we evaluated the scoring system of the ACMG/AMP 
guidelines for inheritance patterns, and we considered 
whether there is a better way to interpret such sequence 
variants.

2. Materials and Methods

Variants reported as disease-related prior to the 
es tabl ishment  of  the  ACMG/AMP guidel ines 
were reanalyzed to assess whether there were any 
discrepancies in the scoring using the ACMG/
AMP guidelines depending on the differences in the 
inheritance traits, including autosomal dominant, 
autosomal recessive, and X-linked. The variants reported 
prior to the establishment of the ACMG/AMP guidelines 
are not considered to be affected by the ACMG/
AMP guidelines. Variants were selected from reports 
published in international journals with an impact factor 
greater than 4 at the time of analyses. In the variant 
interpretation step, InterVar, a bioinformatics software 
tool for clinical interpretation of genetic variants by 
the ACMG/AMP guidelines (https://wintervar.wglab.
org/), was used as the reference (13). Web-based tools, 
including wANNOVAR (https://wannovar.wglab.org/) 
(14,15), gnomAD (https://gnomad.broadinstitute.org/), 
and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), 
were also used. Finally, two or more curators confirmed 
the scoring based on the ACMG/AMP guidelines.
 According to the obtained results of the variants 
previously reported as disease-causing prior to 2015, 
the proportion of the variants classified as pathogenic 
or likely pathogenic was aggregated according to the 
inheritance manner and statistically analyzed by Fisher's 
Exact Test and Yate's chi-squared test.
 If the proportion of X-linked variants determined 
to be pathogenic or likely pathogenic was significantly 
lower, we hypothesized that an additional score specific 
for X-linked variants might eliminate the difference 
from other inheritance mechanisms and added a new 

score for Pathogenicity of Strong Evidence (PS score) or 
Pathogenicity of Moderate Evidence (PM score) in cases 
where the target patient was a male and females carrying 
the same variant did not exhibit any clinical symptoms 
except for in specific cases. We further examined 
whether the above difference could be eliminated by 
the addition of new scores when the target patient was 
a male, and females carrying the same variant did not 
exhibit any clinical symptoms except for in specific 
cases.

3. Results

We selected the reports published prior to 2015. For 
variants associated with the autosomal dominant 
trait, 158 variants of 13 genes were selected from 
7 reports (16-22). All scores in accordance with 
the ACMG/AMP guidelines are summarized in 
Supplemental Table S1 (http://www.irdrjournal.com/
action/getSupplementalData.php?ID=113). Among 
the evaluated variants, 143 (90.5%) were interpreted 
as pathogenic or likely pathogenic (Table 1). For the 
autosomal recessive trait, 109 variants of 17 genes were 
selected from 11 reports (23-33). All scores are presented 
in Supplemental Table S2 (http://www.irdrjournal.com/
action/getSupplementalData.php?ID=113). Among 
these, 93 variants (85.3%) were interpreted as pathogenic 
or likely pathogenic (Table 1). For the X-linked recessive 
trait, 105 variants of 35 genes were selected from 9 
reports (34-42). All scores are presented in Supplemental 
Table S3 (http:/ /www.irdrjournal .com/action/
getSupplementalData.php?ID=113). Among these, 42 
variants (40.0%) were interpreted as pathogenic or likely 
pathogenic (Table 1). There were significant differences 
between autosomal dominant versus X-linked, and 
autosomal recessive versus X-linked. However, there 
was no significant difference between the autosomal 
dominant and autosomal recessive traits.
 As the ratio of the variants interpreted as pathogenic 
or likely pathogenic was significantly low in case of the 
X-linked recessive trait, we examined whether those 
difference can be compensated after additions of a 
new PS score (PSX) or PM score (PMX) as described 
above. By these modifications, the ratio of the variants 
interpreted as pathogenic or likely pathogenic changed 
(Supplemental Tables S4 & S5, http://www.irdrjournal.
com/action/getSupplementalData.php?ID=113). 
However, the statistical analysis still revealed a 
significant difference between X-linked and others (Table 
1).
 These results are demonstrated as a bar graph for 
better understanding (Figure 1).

4. Discussion

The ACMG/AMP guidelines for interpretation of 
nucleotide variants were published in 2015 (7). 
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the publication of the ACMG/AMP guidelines. As a 
result, the interpretation ratio as pathogenic or likely 
pathogenic was significantly lower in variants related to 
the X-linked recessive trait. This indicates the existence 
of a bias between inheritance traits. Most of the variants 
related to the rare disorders in the autosomal dominant 
trait were occurred as the consequence of de novo. The 
de novo variants correspond to "PS2", indicating strong 
evidence of pathogenicity. Therefore, variants associated 
with autosomal dominant inheritance are more likely 
to be interpreted as pathogenic/likely pathogenic. For 
variants related to autosomal recessive inheritance, 
"PM3" can be assigned if another pathogenic variant 
was present in the trans-related allele. Therefore, 
many variants related to the autosomal recessive trait 
have been interpreted as either pathogenic or likely 
pathogenic.
 In comparison, it is difficult to interpret variants 
related to the X-linked recessive trait as pathogenic or 
likely pathogenic because there are no specific scores for 
variants involved in the X-linked recessive inheritance. 
De Luca et al. suggested that assessing pathogenicity is 
more challenging in X-linked cases (47). For X-linked 
variants, segregation analysis has been recommended 
as a powerful tool to further confirm pathogenicity 
for early-onset and high-penetrance disorders. The 
identification of the variant in several affected male 
family members together with their healthy or mildly 
affected carrier mothers is in strong support for 
pathogenicity. Thus, we considered a specific score for 
variants that may be related to the X-linked recessive 
inheritance.
 When variants associated with the X-linked recessive 
trait were identified only in male patients and the 
carrier females did not exhibit any related symptoms, 
we temporarily assigned a PS or a PM score, and the 

These guidelines define the basic method for variant 
interpretation. The interpretations provided by these 
guidelines are crude, and the interpretation of each score 
is somewhat ambiguous. Establishment of an individual 
interpretation method corresponding to each disease or 
gene is, therefore, recommended (5).
 The ACMG/AMP guidelines provide a framework 
for clinical variant classification (7). However, in the 
process of applying the ACMG/AMG guidelines to the 
classification of thousands of variants, many groups 
have identified several areas in which the guidelines 
lack specificity or are subject to ambiguous or 
contradictory interpretation (43). Najafi et al. analyzed 
the variants related to fibrillinopathies, and they noted 
that it is necessary to pay attention to the possibility that 
disease-related variants are included in population-based 
information (4). Furthermore, disease-specific guidelines 
have been published, specifically for MYH-associated 
inherited cardiomyopathy (44), RASopathy (45), hearing 
loss (11), and Alport syndrome (46). Nonetheless, best 
practice guidelines specific for X-linked recessive rare 
disorders have not yet been reported.
 In this study, we evaluated variants reported before 

Figure 1. Distribution of the interpretation of the variants for 
each inheritance trait represented by a 100% stacked chart. 
The numbers in the boxes indicate the corresponding numbers of 
the variants. *, Statistically significant (p < 0.05); #, no significant 
difference.

Table 1. Summary of the interpretation of the variants and the results of statiscial analyses

Items

Autosomal dominant 
trait (AD)

Autosomal recessive 
trait (AR)

X-linked recessive 
trait (XLR)

X-linked recessive 
trait (plus PS score)

X-linked recessive 
trait (plus PM score)

Total number 
of the variants

158

109

105

105

105

*p < 0.05, **p < 0.01, ***p < 0.001, NA, not applicable.

Others

15 (9.5%)

16 (14.7%)

63 (60.0%)

33 (31.4%)

43 (41.0%)

Pathogenic/
Likely pathogenic

143 (90.5%)

 93 (85.3%)

 42 (40.0%)

 72 (68.6%)

 62 (59.0%)

versus AD

NA

0.27

2.2 × 1016*

1.4 × 105*

2.6 × 109*

versus AR

0.27

NA

3.7 × 1012*

0.00534*

1.7 × 105*

versus AD

NA

1.2

74.7***

18.9***

34.5***

versus AR

1.2

NA

45.2***

7.6**

17.2***

Number of the variants 
interpreted as

Fisher's Exact Test
p values

Chi-squared values
Yates' correction
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ratio of interpretation as pathogenic/likely pathogenic 
increased. However, the significant difference was not 
eliminated (Figure 1). Considering the situation of each 
variant, some variants were inappropriately interpreted 
as pathogenic after the addition of a PS score, even for 
variants that should be interpreted as benign. Therefore, 
assignment of a PS score may be excessive, and 
assigning a PM score may be more appropriate.
 In conclusion, we confirmed the bias of the ACMG/
AMP guidelines regarding inheritance traits. Evaluation 
of variants related to the X-linked recessive trait should 
consider whether the variant was identified only in 
males in accordance with the X-linked recessive trait. 
The bias revealed in this study should be eliminated by 
future revision of the ACMG/AMP guidelines.
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