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Abstract 

Purpose: Next-generation sequencing (NGS) is routinely used in the diagnostic workup of 
neurological diseases, enabling systematic screening for SMA with tailored bioinformatic tools, 
further enhancing diagnostic speed and accuracy. Methods: We leveraged SMNCopyNumberCaller, 
SMAca, and SMAFinder in our NGS cohort (n = 3493), including 74 MLPA-validated SMA cases (one 
compound heterozygous) in the exome dataset.  Putative SMA cases were validated using PCR-
RFLP and MLPA. Results: With default settings of SMA Finder in exome cohort (n = 2437), 16.4% of 
samples were uncallable including 40 known SMA cases. Lowering read thresholds markedly 
improved callability and identified  71/73 known SMA cases, two cases remaining uncallable. 
SMAca correctly detected 73/73 SMA cases. Both tools had a positive predictive value of 100% and 
identified two missed cases (DM1, MND), subsequently molecularly confirmed. After inclusion of 
correction value to scale factor, SMAca showed high concordance with MLPA for SMN2 copy 
number estimation in SMA cases. Carrier frequencies were estimated as 1:36  and 1:47, in genome 
and exome respectively. Using SMNCopyNumberCaller, we provided detailed SMN profiling in a 
Turkish genome cohort (n = 1056). Conclusions: NGS-based SMN analysis enables robust detection 
of SMA and supports systematic cohort screening to identify missed cases. 

Keywords: spinal muscular atrophy; SMN1/2; SMNCopyNumberCaller; SMAca; SMA Finder 
 

Introduction 

Spinal Muscular Atrophy (SMA) is a rare autosomal recessive neuromuscular disorder caused 
by insufficient levels of survival of motor neuron (SMN) protein due to biallelic deletions or 
pathogenic variants in SMN1 and limited expression of functional SMN protein from SMN2. SMN1 
and its paralog SMN2 locate within the 5q13 chromosomal region, which harbors a human-specific 
inverted segmental duplication [1] and is highly prone to genomic rearrangements [2]. The two genes 
are nearly identical, differing by 15 SNVs and 1 indel of five nucleotides. The most significant 
difference lies at the sixth nucleotide of exon 7 (c.840C>T),which is translationally silent that 
nevertheless disrupts splicing, leading to exon 7 exclusion during SMN protein expression from 
SMN2 [2]. 
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SMA is characterized by the progressive loss of lower motor neurons, causing muscle atrophy 
and weakness with a broad spectrum of clinical severity. Traditionally, SMA is classified into five 
subtypes (types 0–4) based on maximum motor milestone achieved; however, in the era of disease-
modifying therapies, the clinical relevance of this classification has gradually decreased. Multiplex 
ligation-dependent probe amplification (MLPA) remains the gold standard for assessing SMN1 and 
SMN2 copy numbers (CNs). Approximately 95% of SMA cases result from homozygous deletion of 
SMN1 exons 7–8 or exon 7 alone, whereas most of the remaining cases are compound heterozygotes 
carrying a deletion on one allele and a pathogenic variant on the non-deleted allele [3]. SMN2 acts as 
a disease modifier, with higher SMN2 CN usually associated with a milder phenotype [4]. 

The most common SMA carrier genotype is the heterozygous SMN1 deletion (1+0) with a 
frequency of 1:51 globally [5]. Additionally, silent carriers with two SMN1 copies in cis (2+0) exist; 
variants c.*3+80T>G and c.*211_*212del are linked to SMN1 duplication and may inform about 2+0 
carrier risk across populations [6]. Accordingly, the American College of Medical Genetics and 
Genomics recommends universal carrier screening for all couples [7]. Türkiye launched a nationwide 
SMA Carrier Screening Program in December 2021 to identify carrier couples and reduce SMA 
incidence [8]. 

To date, three SMN-targeting therapies have been approved by the FDA and EMA: the antisense 
oligonucleotide nusinersen and the small-molecule risdiplam, both targeting SMN2 splicing, and an 
AAV9-based SMN1 gene replacement therapy. Ongoing clinical trials may provide additional 
therapeutic options in future [9], further highlighting the importance of SMA diagnosis in the 
treatment era. In Türkiye, nusinersen and risdiplam are currently available under specific 
reimbursement criteria [10]. Detecting previously unrecognized cases, often due to phenotypic 
overlaps with other neuromuscular disorders, is crucial for enabling access to potentially life-altering 
therapies. 

Several bioinformatics methods, three of which are publicly available, have been specifically 
developed to estimate SMN CNs from short-read next-generation sequencing (NGS) data (Table 1). 
These approaches predominantly rely on read-depth information and exploit nucleotide differences 
between the SMN1 and SMN2 genes to infer their CNs. While such methods perform well on genome 
sequencing (GS) data, their application to targeted sequencing (TS) and exome sequencing (ES) data 
is more challenging due to heterogeneous capture efficiency [11–15].  

Table 1. Comparison of SMNCopyNumberCaller, SMAca, and SMA Finder. 

Features SMNCopyNumberCaller SMAca SMA Finder 
Primary goal SMN genes copy number call SMA Carrier detection SMA case detection 
Supported NGS data type GS TS*, ES, GS TS, ES, GS 
Input data format BAM, CRAM BAM, CRAM BAM, CRAM 
Reference genome hg19, hg38 hg19, hg38 hg19, hg38, T2T 

Methodological approach Read-depth, proportion of PSVs 
Read-depth, proportion 
of PSVs 

Read-depth, proportion 
of c.840 PSV 

Number of PSVs evaluated 8 3 1 
Control genes included No Yes No 

Reports 
SMA status, carrier status, SMN 
CN 

Raw proportion of reads 
of PSVs, scale factor 

SMA status 

Total SMN CN Yes Indirect No 
SMA detection Yes Indirect Yes 
Carrier Detection Yes Indirect No 
Silent Carrier Detection Yes Indirect No 
Detection of SMN2Δ7–8 Yes No No 

Strengths 
Provides discrete SMN copy 
number estimates 

Detects likely carriers 
from NGS data 

Rapid detection of SMA 
from NGS data 

Limitations 
Coverage-dependent performance 
(≥30X) 

No direct absolute copy 
number output 

Does not report SMN 
copy number or dosage 

Programming Language Python Python Python 
Output files TSV, JSON CSV* TSV 
Runtime for 100 WGS 
samples (8 GB RAM) 

01:50:19 01:16:06 00:03:53 
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Runtime for 100 WGS 
samples (16 GB RAM) 

01:48:33 01:10:42 00:03:34 

PSVs:  paralogous sequence variants; TS: targeted sequencing; ES: exome sequencing; GS: genome sequencing; TS*should include 
control genes; GS samples are in CRAM format; Time in hh:mm:ss 

SMNCopyNumberCaller enables accurate estimation of SMN1 and SMN2 CNs from GS data 
and has been widely adopted in population-scale studies [13,16,17]. SMAca was subsequently 
introduced to facilitate SMA carrier detection; however, it reports raw coverage, the scaled 
proportion of SMN1 reads at three SMN-discriminating loci, along with a scale factor (SF) reflecting 
SMN raw dosage, and it was tested only on GS data. These values are used to infer absolute SMN1 
CN based on categorization methods described by the authors [14]. More recently, SMA Finder was 
introduced as a focused approach relying exclusively on read information at the c.840 position, 
enabling detection of SMA cases with homozygous deletion of SMN1 exon 7 [15].  

Systematic evaluation of SMA-specific NGS-based tools in non-European, heterogeneous 
cohorts remains limited, particularly for ES data generated using different capture kits; also, large-
scale profiling of SMN genes in Türkiye is scarce. Here, we applied three publicly available SMA-
specific tools to a large Turkish neurodegenerative disease cohort (n = 3493, including 74 known SMA 
cases), demonstrating their efficient implementation. 

Materials and Methods 

Study Cohort 

The Suna and İnan Kıraç Foundation Neurodegeneration Research Laboratory (NDAL) 
performs molecular diagnostics primarily for neuromuscular and movement disorders, receiving 
samples from specialist clinics nationwide. The laboratory has assembled exome (n = 2437) and 
genome (n = 1056) cohorts, including a small subset of healthy controls. This study includes samples 
collected between 2005 and 2026. The exome cohort includes 74 confirmed SMA cases, previously 
validated using SALSA MLPA Probemix P021-B1 SMA and sequenced with the SureSelect v6 exome 
kit (Agilent Technologies). 

Alignment of Short-Read Sequencing Data and Copy Number Analysis 

Exome sequencing data were processed described by Khojakulov et al. [18] and genome 
sequencing data within the Project MinE framework using the standardized pipeline reported by van 
Rheenen et al. [19] both were aligned to the GRCh38 reference genome. 

All SMA cases underwent CN analysis using the SEQ Platform (Genomize, Istanbul, Türkiye), 
which incorporates Genome Analysis Toolkit (GATK) copy number (CN) analysis and Delly. 

SMN CN Analysis Using Bioinformatic Tools 

SMNCopyNumberCaller [13], SMAca [14], and SMA Finder [15] were applied with default 
parameters. SMNCopyNumberCaller was used exclusively for GS samples, whereas SMAca (ES 
samples stratified by sequencing run) and SMA Finder were applied to both GS and ES samples. To 
improve callability, SMA Finder was rerun on ES data with the threshold reduced from 14 to 3. 

We also used publicly available results from SMNCopyNumberCaller and SMAca for 1000 
Genomes Project [20] samples with MLPA-based SMN CN data [13,14]. 

SMN CN Estimation in SMAca 

SMAca reports scaled proportional indices (PI values) at three paralogous sequence variants 
(PSVs): PI_a (c.835-44), PI_b (c.840), and PI_c (c.*3+100). It also provides a scale factor (SF) reflecting 
SMN raw dosage, where a value of 1 corresponds to four SMN copies. These metrics were used to 
estimate absolute SMN1 CN by users as previously described (Lopez-Lopez et al., 2020). 
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As PI values represent the proportion of SMN1 relative to total SMN, they are expected to be 
zero in samples lacking SMN1 copies, regardless of the SF. In such cases, PSV-specific SMN1 signals 
are absent (zero reads), and the SF reflects only SMN2 CN, assuming no contribution from SMN2Δ7–
8 alleles.  

SMAca-derived SMN dosage estimation incorporated SF correction and PI-based carrier 
classification, followed by a custom post-processing framework for SMN CN, SMA status, carrier 
status, and quality metrics, described in detail in Supplementary File.  

Validation of SMN CN 

Putative SMA cases were confirmed by PCR-RFLP as described by van der Steege et al. (1995) 
and by SALSA® MLPA® Probemix P021-B1 SMA (MRC Holland) according to the manufacturer’s 
instructions. 

Statistical Analysis 

Data processing, statistical analyses, and figure generation were performed using Python. 
Agreement between SMNCopyNumberCaller and SMAca in SMN raw dosage estimates in GS 
dataset was assessed using Bland–Altman analysis.  

Positive predictive value (PPV) was calculated as previously described [15]: PPV = TP/(TP + FP), 
where TP and FP denote true and false positives, respectively. 

Results 

Study Cohort Overview 

The study cohort comprises a large Turkish neurodegenerative disease dataset, consisting of 
2437 ES and 1056 GS samples, a total of 3493 NGS samples (Supplementary Table S1) Among the 74 
SMA cases previously confirmed by MLPA in our ES dataset, all cases except one exhibited a 
homozygous deletion of SMN1 exons 7-8 or exon 7 alone, and the remaining case was a compound 
heterozygote. The SMN1 homozygous deletion cases (n = 73) were used to evaluate the performance 
of SMA Finder and SMAca.  

Performance of SMA Finder and SMAca in Exome Data 

In the ES cohort, the performance of SMA Finder and SMAca was first evaluated for detecting 
known SMA cases and identifying missed SMA cases. Application of SMA Finder with default 
settings called only 33 of 73 (45.2%) known homozygous SMA cases; the remaining samples were not 
callable due to insufficient read coverage at the SMN c.840 position (Figure 1A; Supplementary Table 
S2). Across the entire ES cohort, running the SMA Finder with default settings identified two new 
SMA cases and flagged 400 samples as no-call (Figure 1B).  

The SMA Finder calling threshold was lowered from 14× to 3× (Supplementary Figure S1), 
leading to considerably increased callability (71/73; 97.3%) in known SMA cases. Across the ES cohort, 
i) 73 samples were identified as SMA-positive, including two newly detected cases, ii) 2356 were 
predicted as SMA-negative and iii) 8, comprising two known SMA cases, were classified as no-calls 
(Figure 1C). Importantly, SMA Finder classified the compound heterozygous case as SMA-negative 
due to its limitation of detecting only homozygous SMN1 exon 7 deletions. Considering only callable 
samples, the positive predictive value (PPV) was 100% (73/73), with no false-positive calls introduced 
by the lowered threshold. 
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Figure 1. Coverage variability at the SMN c.840 locus influences SMA Finder calling performance. (A) Read-
depth distribution at the SMN c.840 locus by sequencing kit and read length (symmetrical log scale). The dashed 
line marks the default calling threshold (14 reads). (B) SMA status inferred with default parameters (n = 2437); 
no-calls indicate insufficient coverage. (C) SMA status after reducing the minimum read-depth threshold to 3 
reads. Kits marked with an asterisk (*) denote those used for genome, while the remaining kits were used for 
exome. 

All PI values and the coverage of three PSVs of SMN1 in the SMAca output were equal to zero 
in almost all  73 known SMA cases. Similarly, SMAca also yielded zero PI values for the two new 
cases. The SF of both cases was ~1, estimating an overall SMN CN of four; considering the absence of 
SMN1, total SMN CN reflects the SMN2 copies. PCR-RFLP confirmed SMN1 exon 7–8 deletions in 
both cases, and MLPA validated zero SMN1 and four SMN2 copies. The cases were referred with 
preclinical diagnoses of motor neuron disease (MND) and myotonic dystrophy type 1 (DM1), 
respectively (Box 1). Despite heterogeneous ES capture kits and low-coverage samples, SMAca 
accurately estimated zero SMN1 copies in 75 SMA cases including the two newly identified SMA 
patients. Consequently, the PPV of SMAca was also 100% (75/75), comprising the two uncalled SMA 
samples by the SMA Finder. SMAca, SMA Finder, and MLPA results for SMA cases are provided in 
the Supplementary Table S3.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 May 2026 doi:10.20944/preprints202605.1147.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.1147.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 15 

 

 

Potential homozygous SMN2 deletions were identified in 5.6% of ES samples using SMAca and 
SMA Finder. Detailed methodology and results are provided (Supplementary File; Supplementary 
Table S4). 

Assessment of Control Gene Coverage Variability 

In our cohort, the standard deviation of control gene coverage, stratified by sequencing kit and 
read length (Figure 2A), was substantially higher in ES than GS, indicating potential technical noise. 
The mean standard deviation in the 1000 Genomes Project dataset was 1.65 (±0.43), comparable to GS 
data in our cohort. Both GS data exhibited relatively uniform coverage (~30–40×) across SMN and 20 
control genes, whereas ES data showed lower and more variable coverage (<10×), consistent with 
capture-based design limitations (Figure 2B). 

SMNCopyNumberCaller generated accurate calls for all MLPA-validated samples in 1000 
Genomes Project (n = 1109), except four samples that yielded no-calls. Contrarily, SMAca produced 
CN estimates for all samples, but after rounding the SF (×4) to the nearest integer, discrepancies were 
observed in 30 of 1105 samples (2.7%), differing by one-copy overestimation by SMAca. Incorporating 
stepwise corrections to the SF prior to rounding (0.025, 0.05, 0.075, 0.1, and 0.125) substantially 
improved agreement, reducing discrepancies to 7, 2, 1, 2, and 8 samples, respectively. 
SMNCopyNumberCaller, SMAca, and validation results for 1000 Genomes samples are given in 
Supplementary Table S5.  

BOX: Uncovering Hidden SMA Cases 
The first previously undiagnosed SMA case is a 42-year-old female patient (AO: 38 years). With 

stable disease progression, complaints were related to falling and hip pain. Proximal regions and lower 
extremities were predominantly affected. EMG indicated chronic anterior horn pathology. Possible clinical 
diagnosis was MND, the C9orf72 repeat expansion and ES being negative. The patient, firmly diagnosed 
with SMA Type 4, was put on nusinersen.  

The second SMA case is a 31-year-old male, symptoms first appeared at the age of17. With 
difficulty in walking, progressive muscle weakness and atrophy, possible clinical diagnosis was DM1. 
Following a negative CTG repeat expansion of the DMPK gene, ES did not detect any myopathy-related 
gene variants. The patient classified as a mild SMA type 3, is able to walk, but experiences difficulty in 
climbing stairs.  
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Figure 2. Coverage variability across sequencing platforms. (A) Distribution of the standard deviation of control 
gene coverage across different sequencing kits and read lengths, demonstrating substantial variability between 
platforms. (B) Coverage distributions of SMN genes and 20 control genes in representative datasets 
(NovaSeq6000, SureSelect V6 exome, and 1000 Genomes), highlighting differences in coverage uniformity 
between exome and genome data. 

Comparison of SMAca-Derived SMN CN Estimates with MLPA in SMA Cases  

We evaluated the accuracy of SMAca for estimating SMN CN in ES data from 75 SMA cases with 
zero SMN1 copies. SMN2Δ7–8 copies were absent in all but one individual (SMA149), who carries 
two copies each of SMN2 and SMN2Δ7–8. In the absence of SMN2Δ7–8 alleles, SMN CN directly 
reflected SMN2 CN in the 74 cases. Per-sample comparison of SMN2 CN between MLPA and SMAca 
(SF×4) showed moderate concordance across the 2–4 copy range, with minor upward bias in SMAca 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 May 2026 doi:10.20944/preprints202605.1147.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.1147.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 15 

 

estimates. Rounding to the nearest integer introduced discrepancies in 19/75 samples (25.3%), 
predominantly reflecting one-copy overestimation (Figure 3A). SMA149 had a SF of 0.96 
(corresponding to an estimated total CN of 3–4, depending on rounding), although SMN2Δ7–8 alleles 
could not be reliably distinguished from raw outputs. Applying incremental corrections to the SF 
prior to rounding (0.025, 0.05, 0.075, 0.1, and 0.125) markedly improved agreement, reducing 
discrepancies to 15, 7, 5, 3, and 6 samples, respectively (Supplementary Figure S2). Among tested 
values, a correction factor of 0.1 showed optimal performance, enabling accurate SMN CN estimation 
in 72/75 samples (96.0%) (Figure 3B) and was therefore preferred for carrier detection in ES datasets. 

 
Figure 3. Per-sample comparison of SMN CN estimation between methods. (A) Comparison of MLPA-derived 
SMN2 CN and SMAca scale factors across 75 SMA cases. For visualization, a small jitter (±0.1) was applied to 
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MLPA values to reduce point overlap. One sample carrying an additional two SMN2Δ7-8 allele shows an 
apparent deviation of approximately two copies (indicated by the arrow). After rounding, discrepancies 
(Disagree) between methods were observed in 19 samples. (B) When applying a 0.1 correction to the SMAca 
scale factor prior to rounding, discrepancies were reduced to three samples. (C) Bland–Altman analysis of SMN 
CN estimates across 1056 Turkish genomes shows strong agreement between SMNCopyNumberCaller and 
SMAca, with a mean difference of −0.19 copies and 95% limits of agreement ranging from −0.49 to +0.11 copies. 
A total of 42 samples showed disagreement when rounding to nearest values. (D) After applying a 0.05 
correction, disagreement was observed in 8 samples and the mean difference was approximately 0.01, with 95% 
limits of agreement ranging from −0.29 to +0.31. 

Identification of Potential SMA Carriers in ES Data Using SMAca 

Using the approach described in the Methods, we identified 71 likely SMA carriers among 2437 
samples. After manual curation, 52 samples were retained, corresponding to a carrier frequency of 
2.13% (1:47). Of these, 34 (65.4%) were classified as high-confidence carriers (Supplementary Table 
S6). Notably, two confirmed carriers were classified as moderate-confidence carriers because only 
one PI value was below the expected threshold, indicating that moderate-confidence carrier calls by 
the algorithm may still represent true carriers (Supplementary File). 

SMN Raw Dosage Comparison in GS 

Agreement between SMNCopyNumberCaller and SMAca was assessed by comparing SMN raw 
dosage across 1056 GS samples; Bland–Altman analysis showed differences centered near zero across 
the SMN CN range (Figure 3C). The mean difference in raw CN between tools was −0.19, reflecting a 
small difference, with SMAca yielding higher SMN raw dosage estimates. The 95% limits of 
agreement (LoA) ranged from −0.49 to +0.11, with no evidence of proportional bias being observed 
across the CN spectrum.  

After rounding to nearest integer values without correction, discrepancy was seen in 42 (4%) 
samples, differing by ±1 copy. When incremental corrections (0.025, 0.05, 0.075, 0.1, and 0.125) applied 
to the SF prior to rounding, the discrepancies observed in 16, 8, 11, 35, and 79 samples, respectively. 
Correction value of 0.05 demonstrated high agreement (99.2%; 1048/1056) between two tools; the 
mean difference was approximately 0.01, with 95% LoA ranging from −0.29 to 0.31 (Figure 3D). 

SMN profiling in a Large Turkish GS Dataset 

The three tools consistently identified no SMA-positive cases in the GS cohort, which comprised 
1056 samples: 146 controls and 910 sporadic amyotrophic lateral sclerosis cases. Notably, SMA Finder 
callability was 100% with default settings. However, SMNCopyNumberCaller did not produce SMN 
CN calls for 12 samples which were consequently excluded from the SMN CN analysis. 

SMNCopyNumberCaller and SMAca identified the same 29 individuals as likely SMA carriers 
(Supplementary Table S7), corresponding to an overall carrier frequency of 2.8% (1:36). The 
distribution of SMN CNs inferred by SMNCopyNumberCaller in the GS cohort (n = 1044) is shown 
in Figure 4A-C. Total SMN CN distribution demonstrated that four copies predominated, followed 
by three copies. In gene-specific analyses, two copies were most common for both SMN1 and SMN2, 
with the most frequent SMN1–SMN2 CN combinations being 2–2 (51.5%) and 2–1 (31.6%). Beyond 
the carrier identification, SMN1 CN analysis identified 65 individuals with increased SMN1 copies 
(>2 copies). For SMN2, CN losses (<2 copies) were observed in 430 samples, including 61 samples 
(5.8%) with zero copies and 369 samples with a single copy, while increased SMN2 copies were 
detected in 40 samples. In addition, 168 samples (16.1%) harbored one or more truncated SMN2Δ7–
8 alleles; their presence could not be distinguished in raw output of SMAca. SMNCopyNumberCaller 
and SMAca results for individuals with zero copies of SMN2 and those with truncated SMN2Δ7–8 
alleles are presented in Supplementary Tables S8 and S9, respectively. The distribution of SMN CNs 
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in the GS cohort, stratified into controls and cases, is shown in Supplementary Figures S3 and S4, 
respectively. 

 

Figure 4. SMN profiling in 1044 Turkish genomes inferred by SMNCopyNumberCaller. (A) Distribution of total 
SMN, SMN1, SMN2, and SMN2Δ7–8 CNs. The y-axis is displayed on a square-root scale to improve visualization 
of low-frequency categories. Contingency tables of (B) SMN1 and SMN2 CNs (C) SMN2 and SMN2Δ7–8 CNs. 

SMN1 Duplication Markers Associated with Silent Carriers in GS Cohort 

SMNCopyNumberCaller and SMAca identified the same 11 individuals (1.05%) who harbor 
g.27134T>G (c.∗3+80T>G), demonstrating 100% agreement between the tools. Among these, 2 
individuals carried two SMN1 copies who are potential silent carriers; 8 harbored three and 1 had 
four copies of SMN1 (Supplementary Table S10). SMAca analysis did not identify 
g.27706_27707delAT (c.∗211_∗212del) variant. Overall, these findings indicate that silent carrier risk 
modifying variants (SNVs) are rare in our GS dataset. 

Dıscussıon 

In this study, we i) compared the three publicly available bioinformatic tools specifically 
designed for SMN genes: SMNCopyNumberCaller, SMAca and SMA Finder in a Turkish 
neurodegenerative disease cohort, which includes ES data of 74 known SMA cases; ii) utilized 
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SMNCopyNumberCaller results to generate comprehensive SMN CN characterization in a large 
Turkish GS cohort, and iii) developed an algorithm for SMAca raw output that estimates cases and 
carriers from ES data. Moreover, since in our heterogeneous ES dataset, implementing SMA Finder 
with the default settings yielded lower callability compared to the original study [15], iv) we reduced 
the threshold which resulted in improved callability, without introducing false positives. 
Collectively, these tools offer distinct, yet complementary strengths and limitations, and their 
combined use may be advantageous depending on the specific analytical objectives (Table 1). 

To our knowledge, five studies have described methodological approaches specifically tailored 
for SMN CN analysis from short-read NGS data. The earliest work by Larson et al. [11] introduced a 
Bayesian hierarchical framework leveraging read-depth information from PSVs, demonstrating that 
locus-specific modeling could overcome the limitations of general-purpose CNV callers [21]; CNV 
analysis of GATK and Delly could not detect SMN CN changes. Larson et al. [11] also incorporated 
coverage of control genes, an approach later adopted by SMAca. Subsequently, Feng et al. [12]  
proposed a related strategy and partially shared implementation details. However, neither study 
provided a fully publicly accessible software package, limiting their applicability for independent 
benchmarking. Given our objective to conduct a systematic and reproducible comparative analysis, 
we restricted our evaluation to three tools with fully accessible implementations that could be 
uniformly applied across datasets.  

Despite differences in modeling and implementation, all current tools rely on a shared strategy 
combining read-depth analysis with interrogation of SMN1/SMN2 PSVs. This common framework 
likely explains the high concordance observed between SMNCopyNumberCaller and SMAca in GS 
data (Figure 3C, D), as well as the complete agreement between SMAca and SMA Finder for detecting 
homozygous SMN1 deletions in ES data. The ability of SMAca to infer SMN1 CN and SMN dosage 
from ES data, as demonstrated in SMA cases, addresses a crucial gap in SMA bioinformatics 
workflows especially for retrospective studies. Nevertheless, its broader adoption has been limited 
by the need for manual interpretation of raw outputs. To our knowledge, only Boonsawat et al. [22]  
have applied SMAca to an exome cohort of neurodevelopmental disorder patients, identifying 
multiple SMA carriers, several of whom were validated with MLPA. We developed a Python-based 
script to automate SMAca output interpretation. While a permissive approach was preferred to 
minimize false negatives, results should be evaluated alongside quality metrics. This framework aims 
to reduce manual burden and improves scalability for ES-based SMA case and carrier screening. 

SMA carrier frequency depends on ethnicity, with a global average frequency of ~1:51 [23]. In 
Türkiye, a carrier frequency of 1:44 was reported in a nationwide screening program that tested over 
one million individuals [8], a finding further supported by Topcu Yenercag et al. [24] in a regional 
cohort of ~20,000 individuals. In our computational analyses, carrier frequencies were 1:47 and 1:36 
in ES and GS datasets, respectively. The ES-based estimate, derived from a cohort more than twice 
the size of the GS dataset, was closer to the nationwide figure, underscoring the stabilizing effect of 
larger sample sizes. Accordingly, Özdemir et al. [25] reported a higher frequency (~1:28) in a cohort 
of 250 individuals. Similarly, Arikan et al. [26] demonstrated an elevated carrier frequency (~1:6) in a 
small, preselected cohort of 113 individuals with suspected carrier status. Together, these findings 
indicate that cohort size can substantially influence SMA carrier frequencies, which may be further 
refined as large-scale screening programs continue to expand. 

The silent carrier risk modifying SNV c.*3+80T>G was identified at a frequency of 1.05%, 
comparable to Iran (~1.02%) [27], but lower than Qatar (3.66%) [28] and higher than Poland (0.3%) 
[17]. Population datasets show substantial variability, from ~0.8% in European and South Asian 
populations to up to 59.2% in individuals of African ancestry, where multiple SMN1 copies are more 
frequent [29]. To our knowledge, this is the first report of its frequency in a large Turkish cohort. 
Although its contribution appears limited, combining SNV and CN analyses may improve detection; 
however, c.*3+80T>G alone is not sufficient to define silent carrier status [6]. 

SMN2 homozygous deletion frequencies were 5.8% and 5.6% in GS and ES cohorts, respectively. 
Compared across populations, these rates are substantially lower than in African populations 
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(25.16%) and modestly lower than in European (8.63%) and Admixed American (8.8%) groups, while 
remaining comparable to South Asian (6.51%) and East Asian (4.72%) populations [13]. Notably, most 
published estimates are derived from GS datasets; our study extends these observations by 
incorporating ES data, which remain underrepresented in SMN CN analyses.  

To our knowledge, the present study provides the first estimate of SMN2Δ7–8 frequency in a 
Turkish cohort. The observed frequency (16.1%) lies between those reported in European (21.2%) and 
admixed American (11.5%) populations, and exceeds estimates from South Asian (3.35%), African 
(1.1%), and East Asian (0.34%) cohorts [13]. In our cohort, SMN2Δ7–8 was enriched in individuals 
with zero or one SMN2 copy (Figure 4C), consistent with prior studies [13,30]. Collectively, SMN CN 
characterization reveals that the Turkish population exhibits a genetically admixed structure, 
supporting genetic heterogeneity described by Kars et al. [31].  

The clinical utility of SMA-specific detection tools is underscored by the substantial phenotypic 
overlap with other neuromuscular disorders, which can contribute to misdiagnosis. Weisburd et al. 
[15] reported that 11 of 13 cases flagged as SMA were initially diagnosed as other conditions. 
Similarly, in our study, two individuals initially diagnosed with MND and DM1 were reidentified as 
SMA through in silico NGS-based screening and subsequently molecularly confirmed. The diagnostic 
challenge is particularly pronounced in SMA types 3 and 4, which share clinical features with more 
prevalent myopathies [32]. Souza et al. [33] described 20 adult patients with SMA type 4, all of whom 
had prior alternative diagnoses, several were initially classified as limb girdle muscular dystrophy or 
ALS. The authors reported a mean diagnostic delay of 12.4 years, with patients consulting an average 
of seven specialists prior to correct diagnosis. Considering the prolonged diagnostic odyssey 
associated with this mild phenotype, the importance of NGS-based screening is undeniable. 

This study has several limitations. Data were generated exclusively using Illumina platforms 
and BWA alignment [34], limiting generalizability to other sequencing technologies and pipelines. 
The absence of TS data precluded evaluation of SMA Finder and SMAca in such settings. Validation 
was restricted to newly identified SMA cases due to the retrospective design and lack of biological 
samples for carrier confirmation. In addition, the SMAca post-processing script focused on clinically 
relevant SMN1 CN states (0–1 copies), potentially limiting broader applicability to SMN profiling. 
Finally, because SMAca does not account for truncated SMN2Δ7–8 alleles, case-level concordance 
analyses of SMN1 and SMN2 CNs with SMNCopyNumberCaller were not performed in the GS 
dataset. 

In the era of disease-modifying therapies, timely molecular diagnosis of SMA is essential. Our 
results support the systematic screening of routinely generated NGS data to identify overlooked SMA 
cases, particularly in milder and adult-onset phenotypes where SMA may be underrecognized, while 
also facilitating carrier screening for preventive strategies. We demonstrated that SMA Finder 
reliably identifies homozygous SMN1 deletions in heterogeneous ES datasets, while its combined use 
with SMAca provides a complementary framework for SMN2 CN estimation. Together, these 
integrated approaches enhance diagnostic precision and facilitate timely identification of treatable 
patients. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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