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Abstract 

Background: The identification of pathogenic variant in patients with thoracic aortic aneurysms and dissections 
(TAAD) was previously found to be a significant indicator pointing to earlier need for surgical intervention. In order to 
evaluate available methods for classifying identified genetic variants we have compared the event‑free survival in a 
cohort of TAAD patients classified as genotype‑positive versus genotype‑negative by the American College of Medi‑
cal Genetics and Genomics and the Association for Molecular Pathology (ACMG‑AMP) criteria or by ClinVar database.

Methods: We analyzed previously unreported cohort of 132 patients tested in the routine clinical setting for genetic 
variants in a custom panel of 30 genes associated with TAAD or the TruSight Cardio commercial panel of 174 genes 
associated with cardiac disease. The identified variants were classified using VarSome platform. Kaplan–Meier survival 
curves were constructed to compare the event‑free survival between probands defined as ‘genotype‑positive’ and 
‘genotype‑negative’ using different classifications in order to compare their performance.

Results: Out of 107 rare variants found, 12 were classified as pathogenic/likely pathogenic by ClinVar, 38 were pre‑
dicted to be pathogenic/likely pathogenic by ACMG. Variant pathogenicity as assessed by ACMG criteria was a strong 
predictor of event free survival (event free survival at 50 years 83% vs. 50%, for genotype positive patients vs. refer‑
ence, respectively, p  = 0.00096). The performance of ACMG criteria was similar to that of ClinVar (event free survival at 
50 years 87% vs. 50%, for genotype positive patients vs. reference, respectively p  = 0.023) but independent from it as 
shown by analysing variants with no ClinVar record (event free survival at 50 years 80% vs. 50%, p  = 0.0039). Variants 
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Background
There is a growing interest in better recognition of genetic 
factors leading to thoracic aortic aneurysms and dissections 
(TAAD) [1, 2]. Diagnosis of TAAD leads to important clini-
cal decisions. Although aortic size remains the main crite-
rion for prophylactic surgical intervention, recent evidence 
indicates that aortic dissection may occur in nondilated or 
mildly dilated aorta, so aortic size loses its predictive ability 
[3–5]. Early diagnosis and subsequent prophylactic manage-
ment prior to dissection significantly improves survival [6].

Previously, we described 51 TAAD patients studied with 
the use of whole exome sequencing (WES) or panel analy-
sis (TruSight One, Illumina). We have reported a significant 
difference in event-free survival between ‘genotype-positive’ 
group consisting of patients with variants considered as 
pathogenic/likely pathogenic (P/LP) on account of either 
literature reports, protein disruption, de novo occurrence, 
segregation analysis or strong pathogenicity predictions as 
compared to ‘genotype-negative’ patients [7].

In the present work we analyzed an independent cohort of 
132 patients tested in the routine clinical setting for variants 
in 30 genes associated with TAAD or 174 genes included in 
TruSight Cardio panel (Illumina). Considering the recent 
progress in development of free online databases collecting 
knowledge on human genetic variation we aimed to evalu-
ate the performance of variant classification based on rec-
ommendations of American College of Medical Genetics 
and Genomics and the Association for Molecular Pathology 
(ACMG-AMP) [8]. The evaluation was based on a compari-
son of the event-free survival in patients classified as geno-
type-positive vs. genotype-negative by the ACMG-AMP 
criteria or by the expert curated information from the Clin-
Var database.

Methods
Patients and consent
The study cohort was chosen from all index patients 
referred with the diagnosis of TAAD for clinical genetic 
testing from 2012 to 2019 to the Unit for Screening Stud-
ies in Inherited Cardiovascular Diseases, Institute of 
Cardiology and comprised 132 unrelated patients (all 

Caucasian). Patients with family history of aortic dissec-
tion aortic aneurysm, unexplained sudden death in first-
degree relatives, early onset of aortic disease, suspected 
connective tissue disorders were included primarily. In all 
patients a three-to-four generation pedigree was drawn 
and the data on the presence of TAAD, and other dis-
eases in the family were collected. Every effort was made 
to review medical data on deceased subjects to confirm 
familial form of TAAD. For patients suspected of Marfan 
syndrome (MFS) and their relatives revised Ghent crite-
ria were used [9] and a detailed questionnaire was applied 
to define the involvement of other systems and organs. 
Systemic score for each patient was calculated with web 
calculator http:// www. marfan. org/ resou rces/ profe ssion 
als/ marfa ndx. In addition, web questionnaires were used 
to assess systemic features of Loeys-Dietz syndrome 
http:// www. loeys dietz. org/. With regard to cardiovascu-
lar system, all patients had Doppler echocardiographic 
study and CT scan of the entire aorta. In particular, we 
collected the following data: age at diagnosis of thoracic 
aortic aneurysm (TAA), the history of acute aortic dissec-
tion (AAD) or prophylactic thoracic aorta surgery. Indi-
cations for elective surgery relied on available guidelines 
and evolved with time. Recognition of aortic root dilata-
tion was based on echocardiography with calculation of 
Z-score for aortic root using Web calculator http:// www. 
marfan. org/ resou rces/ profe ssion als/ marfa ndx. Ascend-
ing aorta dimensions were normalized to body surface 
area. According to guidelines, patients were followed-up 
with serial examinations by two-dimensional echocardi-
ography and/or CT scan of the aorta.

Aortic events were defined as either acute aortic dis-
section (AAD) or first elective aortic surgery. The result 
of genetic testing did not affect the timing of first surgery 
in any patients from the study cohort. Data concerning 
mitral valve included presence of mitral valve prolapse 
(MVP) and mitral regurgitation (MR) on echocardiogra-
phy. Diagnosis for MVP was based upon published crite-
ria [10]. Left ventricular noncompaction was diagnosed 
based on CMR study with the ratio of noncompacted to 

classified as VUS by ACMG criteria or ClinVar did not affect event‑free survival. TAAD specific custom gene panel per‑
formed similar to the larger universal cardiac panel.

Conclusions: In our cohort of unrelated TAAD patients ACMG classification tool available at VarSome was useful in 
assessing pathogenicity of novel genetic variants. Gene panel containing the established genes associated with the 
highest risk of hereditary TAAD (ACTA1, COL3A1, FBN1, MYH11, SMAD3, TGFB2, TGFBR1, TGFBR2, MYLK) was sufficient to 
identify prevailing majority of variants most likely to be causative of the disease.
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compacted myocardium greater than 2.3 during diastole 
on long-axis cine images [11].

Hypertrophic cardiomyopathy was defined as left ven-
tricular hypertrophy in the absence of loading conditions, 
sufficient to account for the observed degree of hypertrophy, 
with a maximal left ventricular wall thickness  ≥ 15 mm in 
one or more myocardial segments [12].

Familial disease was defined as the presence of  > 1 patient 
with TAAD in the family. This study was approved by the 
Bioethics Committee in the Institute of Cardiology (Ref. No. 
1407). All participants of the study gave an informed written 
consent including specific consent to genetic testing and per-
mission to publish the results.

Genetic testing
Custom-designed (SeqCap, Roche) panel consisting of 30 
genes related to aorthopathies and connective tissue dis-
orders (Table 1) was used for sequencing in 102 patients. A 
commercial panel (TruSight Cardio, Illumina) consisting of 
174 genes associated with heritable cardiac disorders includ-
ing 18 related to TAAD was used in 30 patients. Sequencing 
was performed on MiSeq Dx (Illumina).

Variants assessment
We analysed variants located in the coding or splicing 
regions within genes of interest, of frequency no greater 
than 0.001 for autosomal dominant and X-linked inheritance 
pattern or 0.01 for autosomal recessive in both gnomAD 
genomes and gnomAD exomes databases. Pathogenicity, 
including VUS status, was assessed using ClinVar database 
classification and according to guidelines of ACMG-AMP 
using ACMG Classification tool (version 9.1.2) provided by 
Varsome platform and described in detail: https:// varso me. 
com/ about/ resou rces/ acmg- imple menta tion. Among other 
criteria, VarSome uses consensus of the following in silico 
pathogenicity predicting programmes with default settings: 
BayesDel_addAF, DANN, DEOGEN2, EIGEN, FATHMM-
MKL, LIST-S2, M-CAP, MVP, MutationAssessor, Mutation-
Taster, SIFT, PrimateAI while PhyloP100Way (conservation 
assessment) is used with cut offs -3.387, 3.858, 6.8, 7.2. The 
details of Varsome implementation of ACMG criteria are 
given at: https:// varso me. com/ about/ resou rces/ acmg- imple 
menta tion/.

Variation was considered novel when absent from 
ClinVar and HGMD database (release 2020.3), and had 
no other literature reference according to VarSome 
database. Thus identified P/LP variants and variants of 
unknown significance (VUS) were confirmed by Sanger 
sequencing.

Statistical analysis
Kaplan–Meier survival curves were constructed to com-
pare the event-free survival between probands defined 

as ‘genotype-positive’ and ‘genotype-negative’ using dif-
ferent classification tools in order to compare their per-
formance. Online tool available at https:// astat sa. com/ 
LogRa nkTest/ was used. Aortic events were defined as 
acute aortic dissection or first planned aortic surgery. For 
the purpose of constructing genotype positive and geno-
type negative groups variants with “conflicting interpre-
tation of pathogenicity” status in ClinVar were classified 
according to prevailing interpretation and in absence of 
such the less categorical interpretation was chosen (e.g., 
likely benign over benign or VUS over likely pathogenic). 
Finally, ‘genotype-negative’ reference group was created 
consisting of patients with no rare variant found or with 
no other variant(s) then benign or likely benign (B/LB) 
by ClinVar classification. One patient who had a likely 

Table 1 Analyzed genes

Bold characters—genes present in both panels

AD autosomal dominant; AR autosomal recessive; XL X-linked

No. Gene OMIM # Inheritance

1 ACTA2 102620 AD

2 ADAMTS10 608990 AR

3 CBS 613381 AR

4 COL1A1 120150 AD

5 COL3A1 120180 AD

6 COL5A1 120215 AD

7 COL5A2 120190 AD

8 EFEMP2 604633 AR

9 ELN 130160 AD

10 FBLN5 604580 AR

11 FBN1 134797 AD

12 FBN2 612570 AD

13 FLNA 300017 XL

14 HCN4 605206 AD

15 LTBP2 602091 AR

16 MAT2A 601468 AD

17 MFAP5 601103 AD

18 MYH11 160745 AD

19 MYLK 600922 AD

20 NOTCH1 190198 AD

21 NUP43 608141 AD

22 PLOD1 153454 AR

23 PRKG1 176894 AD

24 SKI 164780 AD

25 SLC2A10 606145 AR

26 SMAD3 603109 AD

27 TGFB2 190220 AD

28 TGFB3 190230 AD

29 TGFBR1 190181 AD

30 TGFBR2 190182 AD

https://varsome.com/about/resources/acmg-implementation
https://varsome.com/about/resources/acmg-implementation
https://varsome.com/about/resources/acmg-implementation/
https://varsome.com/about/resources/acmg-implementation/
https://astatsa.com/LogRankTest/
https://astatsa.com/LogRankTest/
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benign variant according to ClinVar classified as likely 
pathogenic by ACMG was removed from the reference 
group.

Results
Clinical findings
Table  2 shows summarized clinical characteristics of 
the study group. Mean age at the time of genetic inquest 
was 43.4 ± 11.3  years and 92 (69.7%) patients were 

male. Of the 132 patients, 82 had aortic events (62.2%), 
in 39 (29.5%) patients AAD was the first symptom of 
the disease at mean age of 43 years, and 43 (32.6%) had 
planned aortic surgery at mean age of 39  years as the 
first procedure. Eight patients required another surgi-
cal procedure during follow-up after the first operation 
for AAD, and three of them had subsequent procedure. 
Of the 43 patients who had a planned procedure only, 

Table 2 Clinical characteristics of the study group, n  = 132

Age at the genetic inquest (years) 44.9 ± 14.2

Male sex (n, %) 92 69.7%

AAD first event (n, %) 39 29.5%

Age at AAD (years) 43.4 ± 11.2

AAD type: Stanford A/B 36/3

Planned TAA first procedure (n, %) 43 32.6%

Age at planned TAA first procedure (years) 39.4 ± 14.2

TAA with no criteria for surgery 50 37.9%

 Age (years) 45.5 ± 16.0

 Dilation of the aortic root, z score  ≥ 2 43 32.6%

 Aortic root dimension (mm, z score) 44.6 ± 4.5 3.9 ± 1.3

 Dilation of the ascending aorta normalized to BSA  > 2 27 20.5%

 Ascending aorta dimension (mm, normalized to BSA) 46.3 ± 3.7 2.4 ± 0.2

 Dilation of both aortic root and ascending aorta 20 15.2%

 Age at last clinical clinical examination (years) 47.3 ± 13.8

Syndromic or familial disease

 MFS 24 18.2%

 MFS‑like 15 11.4%

 Familial TAAD (n, %) 45 34.1%

 AAD in first‑degree relative 19 14.4%

 Unexplained sudden death in first‑degree relative 10 7.6%

Associated structural and functional cardiac abnormalities

 BAV 28 21.2%

 Aortic regurgitation 35 26.5%

 Aortic stenosis 8 6.1%

 CoA and PDA 1 0.8%

 MVP with MR (mild/moderate/severe) 9 (2/5/2) 6.8%

 Left ventricular noncompaction 1 0.8%

 Hypertrophic cardiomyopathy 2 1.5%

Other cardiovascular diseases

 Hypertension 73 55.3%

 Coronary artery disease 20 15.2%

 Stroke 8 6.1%

 Peripheral artery aneurysms 6 4.5%

 Co‑existent abdominal aortic aneurysm 2 1.5%

Other diseases

 Obesity 20 15.2%

 Diabetes mellitus 10 7.6%

 Dyslipidemia 37 28.0%

 Rheumatoid arthritis 2 1.5%
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3 required another surgical treatment. AAD following 
any planned procedure occurred in 3 patients.

The remaining 50 (38.6%) patients were diagnosed with 
TAA at mean age of 45.5  years, however they did not 
meet criteria for surgical correction. Of the 50 patients 
with TAA, the majority (n  = 43) had aortic root dilata-
tion with mean z score of 3.9 and dilation of both root 
and ascending aorta was found in 20/50 patients.

In 24 patients the diagnosis of MFS was made and in 
15 patients with TAAD genetic examination was per-
formed to confirm/exclude the diagnosis of MFS. In the 
whole group co-existing abnormalities included: bicuspid 
aortic valve—28 patients, coarctation of the aorta (CoA) 
and patent ductus arteriosus (PDA)—1 patient, MVP 
with MR (n  = 9), left ventricular noncompaction in one 
female patient with bradycardia and hypertrophic cardio-
myopathy in two patients. Peripheral artery aneurysms 
were present in 6 (4.5%), history of stroke in 8 (6.1%), and 
coronary artery disease in 6 (11.7%) of patients. More 
than half of the whole study group 73 (55.3%) had hyper-
tension. Familial disease was found in more than one 
third of TAAD patients (n  =  45, 34%). Of these, AAD in 
first degree relative was found in 19 patients (14.4%). In 
addition, a family history of unexplained sudden death 
was present in 10 (7.6%) subjects.

Variant classification by ACMG and ClinVar criteria
Overall, 107 variants in 73 (55%) patients were identi-
fied. According to both ClinVar and ACMG, no com-
pound heterozygotes or homozygotes for any pathogenic 
(P), likely pathogenic (LP), or VUS variant in any of the 
genes associated with recessive inheritance of TAAD 
were found. According to ClinVar, among genes associ-
ated with autosomal dominant or X-linked inheritance 
pattern 12 P/LP, 25 VUS, 23 B/LB and 47 variants with no 
record were found. According to the ClinVar classifica-
tion, 12 patients (9.1%) had at least one P/LP variant, 10 
patients (7.6%) had only B/LB variant(s) and 51 (38.6%) 
patients had only variant(s) of unknown status (either 
VUS or no record). Full list of identified variants is avail-
able in Additional file 1: Table S1.

Eleven out of 12 variants classified as P/LP by ClinVar 
were also predicted to be P/LP by ACMG criteria and 
one was classified as VUS, however another variant in the 
same patient was classified as P/LP by ACMG alone, so a 
total of 12 patients had variants classified by both Clin-
Var and ACMG as P/LP (in one patient classifications 
apply to 2 different variants). Most variants (60%) clas-
sified as VUS by ClinVar were predicted to be B/LB by 
ACMG; 32% were predicted as VUS and 8%—P/LP. Out 
of variants classified as B/LB by ClinVar alone one variant 
(4.3%) had conflicting (LP) prediction by ACMG. Among 
variants with no ClinVar record as much as 51.1% were 

predicted to be P/LP; 29.8% were predicted VUS and 
19.1%—B/LB.

Based on the ACMG classification 36 patients (27.3%) 
had at least one P/LP variant, 14 (10.6%)—at least one 
VUS with no P/LP variants and 23 (17.4%)—only B/
LB variant(s). The distribution of ACMG predictions 
depending on the ClinVar classification is shown in Fig. 1.

Variant pathogenicity as assessed by ACMG criteria 
is a strong predictor of event free survival
There was a highly significant difference in event-free 
survival when genotype positive group consisting of 
all patients with variants classified by ACMG as P/LP 
(including those listed in ClinVar) was compared to ref-
erence group of patients with no variant found or with 
variants classified as B/LB by both ClinVar and ACMG, 
p  = 0.00096. As can be seen, at 50  years of age 50% of 
patients from the reference group underwent surgery 
compared to 83% in genotype-positive group (Fig. 2).

We noted that the observed effect was found both 
among patients who suffered from AAD (p  = 0.02) and 
those who underwent prophylactic thoracic aorta surgery 
(p  = 0.006) with no apparent difference between the two 
groups (p  = 0.18, Additional file 1: Figure S1).

The performance of ACMG criteria in predicating event free 
survival is independent from ClinVar information
Since ClinVar status is included in ACMG criteria (PP5, 
BP6), the important question is to what extent prediction 
by ACMG criteria is independent from ClinVar data. In 
order to test this we analysed the data after dividing the 
ACMG positive group into those positive also accord-
ing to Clinvar data (n  = 12) and those positive only by 
ACMG but not ClinVar (n  = 24). We found that the vari-
ants classified as P/LP by ACMG alone were associated 
with significantly shorter event-free survival compared 
to genotype-negative group, p  = 0.0039 (Fig.  3a). At 
50  years of age 80% of patients from genotype-positive 
group underwent surgery compared to 50% on the refer-
ence group. Furthermore, there was no significant differ-
ence in event-free survival between 12 patients with P/LP 
variants according to both ClinVar and ACMG compared 
to 24 patients carrying variants predicted to be P/LP by 
ACMG criteria alone, p  = 0.90 (Fig. 3b).

As expected, the 12 variants classified by ClinVar as 
P/LP were associated with significantly shorter event-
free survival compared to the reference group (patients 
with no rare variant or variant(s) classified by ClinVar 
as benign/likely benign (B/LB), p  = 0.023 (Fig.  3c). At 
50  years of age 87% of patients from genotype-positive 
group underwent surgery.
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There was also no significant difference in event-free 
survival between variants classified as B/LB by ACMG 
alone and the reference group, p  = 0.87 (Fig. 3d).

Variants classified as VUS by either ACMG criteria or ClinVar 
do not affect event‑free survival
In a similar way we analysed event-free survival in 
patients with variants classified as VUS but we found no 
significant difference either between those with variants 
classified as VUS by ACMG alone versus reference group 
(p  = 0.35, Fig.  4a), those with VUS by ACMG criteria 
alone compared to VUS by ClinVar (p  = 0.18, Fig.  4b) 
or those with VUS by ClinVar and reference group (p  
= 0.65, Fig. 4c).

Distribution of genes and variants types between P/LP, 
VUS and B/LB variants according to ACMG classification
Out of 38 variants classified as P/LP by ACMG, 28 
(73,7%) were in FBN1 gene, 2 variants (5.3%) in each of 
SMAD3, TGFB2 and TGFBR1, 1 variant (2.6%) in each 
of the COL3A1, HCN4, MYH11 and MYLK genes. 42% 
(16/38) variants were predicted to cause loss of function 
(LOF, nonsense, frameshift, splice site variants).

6 (26.1%) variants classified as VUS were in FBN2, 3 
(13%) in MYH11, 2 (8.7%) in ACTA2 and MYLK, 1 (4.3%) 
in each of COL1A1, COL5A1, FLNA, HCN4, NOTCH1, 
NUP43, TGFB2, TGFBR2, ELN and COL3A1. Twenty 
two percent (5/23) variants were predicted to cause LOF.

Most abundant among B/LB variants were variants in 
COL5A1 gene—9 (19.6%); 8 (13.4%) in NOTCH1, 6 (13%) 
in ELN, 4 (8.7%) in HCN4 and MYH11, 3 (6.5%) in FLNA, 
2 (4.3%)—TGFB3 and 1 (2.2%) in each of ACTA2, COL1A1, 

Fig. 1 Distribution of ACMG predictions depending on the ClinVar classification A per variant, B per patient

Fig. 2 Kaplan–Meier analysis of event free survival in TAAD probands 
with variants classified as P/LP by ACMG (ClinVar included, AGMG 
P/LP) vs. those without any candidate variants found or variants 
classified as benign/likely benign by ClinVar and ACMG (REF, Log‑Rank 
Chi‑ square 10.91, p  = 0.00096)
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FBN1 and MFAP5. Fifteen percent (7/46) variants were 
predicted to cause LOF.

We noted that among P/LP variants according to ACMG 
the LOF variants were associated with shorter event free 
survival (p  = 0.04, Additional file 1: Figure S2).

Discussion
ClinVar being an expert knowledge-based database ena-
bles only the classification of variants with the exist-
ing evidence regarding observed health status. Novel 

variants and those lacking sufficient evidence add to the 
growing burden of VUS. In silico algorithms [13] add 
valuable supporting evidence regarding pathogenicity of 
given variant. The development of ACMG-AMP criteria 
which combine both lines of evidence with many levels 
of supporting information into an integrated prediction 
was a cornerstone in unifying interpretation of clinical 
significance of genetic variants. Since their initial devel-
opment the criteria were evaluated by multiple laborato-
ries, several areas for improvement were identified and 

Fig. 3 Kaplan–Meier analysis of event free survival in TAAD probands with variants classified as A P/LP by ACMG but not by ClinVar (ACMG‑CV P/
LP) vs. reference group (REF, Log‑Rank Chi‑ square 8.32, p  = 0.0039); B P/LP pathogenic by both ClinVar and ACMG (CV P/LP) vs. P/LP pathogenic by 
ACMG alone (Log‑Rank Chi‑ square 1.016, p  = 0.90); C P/LP by ClinVar alone vs. reference group (Log‑Rank Chi‑square 5.18, p  = 0.023), D B/LB by 
ACMG alone (ACMG‑CV B/LB) vs. reference group (REF, Log‑Rank Chi‑ square 0,028, p  = 0.87)
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there is an agreement on the need of further validation 
[14, 15]. In the present study we have tested and found 
good performance of an online tool available at varsome.
com which allows classification based on ACMG-AMP 
criteria. Although the tool doesn’t cover all the criteria 
and is the subject to constant change in the algorithms 
implementing the ACMG-AMP criteria, it is free and 
convenient to use (https:// varso me. com/ about/ resou 
rces/ acmg- imple menta tion/). The constantly improv-
ing functionalities of the AMG-AMP tool result in the 
growing number of more definitive predictions (B, LB, 
LP and P) and decreasing VUS classifications. Indeed, 
after application of ACMG-AMP criteria out of 72 vari-
ants having no ClinVar record or classified as VUS only 
22 variants kept their VUS status (26 were classified as 
P/LP and 24 as B/LB). The goal of our study was to test 
the accuracy of these predictions using clinical data and 
ClinVar database as a reference. Similar to our previous 
findings [7], patients carrying known pathogenic vari-
ants (P/LP by ClinVar), had AAD or were referred for 
elective aortic surgery significantly earlier than patients 
in whom no rare variants in genes of interest or only 
variants classified as B/LB by ClinVar were identified. 
Importantly, the genotype-positive group according to 
the ACMG verdict alone had similar (significant) differ-
ence in the event-free survival vs. the reference group as 
the group defined by ClinVar alone. Furthermore, there 
was no significant difference in event-free survival when 
we compared genotype-positive group according to Clin-
Var to patients carrying variants predicted to be P/LP by 
ACMG criteria alone. In the similar way, there was no 
significant difference between patients carrying only B/
LB variants according to ACMG alone vs. the reference 
group. These findings indicate that ACMG predictions in 
regard to TAAD-susceptibility genes are of similar high 
clinical significance to information provided by ClinVar.

We also observed that among variants classified as 
pathogenic, those predicted to cause LOF were associ-
ated with higher severity then the remaining variants. 
Thus, variant type (LOF vs. non LOF) could provide 
additional clinically useful information. It is likely that 
in the future even better predictions will be possible 
based on knowledge collected for individual variants in 
sufficiently powered studies.

Fig. 4 Kaplan–Meier analysis of event free survival in TAAD probands 
with variants classified as A VUS by ACMG alone (ACMG‑CV VUS) vs. 
reference group (REF, Log‑Rank Chi‑ square 0.86, p  = 0.35) (B); VUS by 
ACMG alone vs. VUS by ClinVar (CV VUS, Log‑Rank Chi‑ square 1.80, 
p  = 0.18) C VUS by ClinVar vs. reference group (Log‑Rank Chi‑ square 
0.21, p  = 0.65)

▸

https://varsome.com/about/resources/acmg-implementation/
https://varsome.com/about/resources/acmg-implementation/
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Interestingly, in our cohort of TAAD patients there 
was no significant difference in disease progression 
between patients carrying VUS by either ACMG or 
ClinVar vs. the reference group suggesting that variants 
lacking any sort of evidence for being P/LP are more 
likely to be B/LB, at least regarding being the cause of 
monogenic disease. However, it should be noted that 
this does not preclude their role as risk factors in mul-
tifactorial form of disorder. Interestingly, our data are 
consistent with the findings from the study of 1005 
patients diagnosed with nonischemic dilated cardio-
myopathy which analysed prognostic impact of disease-
causing variants classified based on the ACMG-AMP 
criteria. The rate of major adverse cardiovascular 
events, end stage heart failure and malignant ventric-
ular arrhythmia in 10-year follow-up was significantly 
higher in the genotype-positive group compared to the 
genotype-negative but showed no trend towards higher 
rate of these conditions among patients carrying VUS 
[16].

Our results also indicate that the TAAD specific panel 
performs similar to the larger universal cardiac panel. 
Out of 22 variants identified using TAAD-specific panel 
and predicted to be P/LP by ACMG and/or VarSome 
only one variant (in the HCN4 gene) wouldn’t have been 
found if universal cardiac panel was used. This observa-
tion supports previous reports suggesting that use of 
smaller gene panels consisting of the most frequently 
mutated genes may be a cost-effective strategy as a first 
step of the genetic diagnosis for TAAD patients [17].

Furthermore, based on our analysis of TAAD patients, 
the P/LP variants we found by either ClinVar or ACMG 
resided mainly within the relatively few genes (FBN1, 
SMAD3, TGFB2, TGFBR1, COL3A1, MYH11, MYLK) 
generally agreed to be “definitively” associated with 
hereditary TAAD [2] and the highest risk of early fatal 
complications [18]. Patients with genetic defects in 
TGFBR1, TGFBR2, SMAD3, TGFB2 (affecting TGF-β 
signalling pathway), COL3A1 (extracellular matrix com-
ponent), FBN1 (TGF-β signalling affecting extracellular 
matrix component), MYH11, ACTA2, MYLK and PRKG1 
(structural components and modifiers of smooth muscle 
layer of the aorta) are at risk of dissection or rupture at 
aortic diameters less than 5.0 cm recommended for sur-
gical intervention, and therefore sequencing is of key 
importance for decision-making regarding the time of 
prophylactic surgery [1].

Conclusions
Gene panel containing the most established genes asso-
ciated with the highest risk of early fatal complications 
in patients with hereditary TAAD (ACTA1, COL3A1, 

FBN1, MYH11, SMAD3, TGFB2, TGFBR1, TGFBR2, 
MYLK) was sufficient to identify prevailing majority of 
variants most likely to be causative of the disease.

ACMG classification tool available at varsome.com 
is useful in assessing pathogenicity of novel genetic 
variants in TAAD patients. Variant pathogenicity as 
assessed by ACMG criteria is a strong predictor of ear-
lier AAD or need for surgical intervention. Hopefully, 
the progress in combining empiric data with the fur-
ther development of bioinformatic tools will lead to the 
reduction in the number of VUS allowing even more 
reliable predictions that could be successfully used for 
clinical decisions.

Abbreviations
AAD: Acute aortic dissection; ACMG‑AMP: American College of Medical Genet‑
ics and Genomics and the Association for Molecular Pathology; BAV: Bicuspid 
aortic valve; B/LB: Benign/likely benign; BSA: Body surface area; CoA: Coarcta‑
tion of the aorta; LDS: Loeys‑Dietz syndrome; MFS: Marfan syndrome; MR: 
Mitral regurgitation; MVP: Valve prolapse; P/LP: Pathogenic/likely pathogenic; 
PDA: Patent ductus arteriosus; TAA : Thoracic aortic aneurysms; TAAD: Thoracic 
aortic aneurysms and dissections; VUS: Variants of unknown significance; WES: 
Whole exome sequencing.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12967‑ 022‑ 03251‑8.

Additional file 1: Table S1. List of variants identified in TAAD patients. 
Figure S1. Kaplan–Meier analysis of event free survival in TAAD probands 
with variants classified as: A P/LP by ACMG (ACMG P/LP DISS) vs. reference 
group (REF DISS)—event = dissection prior to surgical intervention, Log‑
Rank Chi‑square 5.23, p = 0.022), B P/LP by ACMG (ACMG P/LP PLAN) vs. 
reference group (REF PLAN)—event = planned prophylactic surgery, Log‑
Rank Chi‑square 7.44, p = 0.0064, C P/LP by ACMG (ACMG P/LP DISS)—
event = dissection prior to surgical intervention vs. P/LP by ACMG (ACMG 
P/LP PLAN) ‑ event = planned prophylactic surgery, Log‑Rank Chi‑square 
1.83, p = 0.18. Figure S2. Kaplan–Meier analysis of event free survival in 
TAAD probands with LOF variants classified as P/LP by ACMG (ACMG P/LP 
LOF) vs. missense and small in‑frame deletions (ACMG P/LP MIS), Log‑Rank 
Chi‑square 4.16, p = 0.041.

Acknowledgements
Not applicable.

Authors’ contributions
JKP: DNA design of the study, sequencing, analysis and interpretation of data, 
performing statistical analysis, drafting the manuscript; ZTB: design of the 
study, acquisition of clinical data, analysis and interpretation of data, handling 
funding, drafting manuscript, critical revision of the manuscript content; GT: 
DNA sequencing; EM: acquisition of clinical data and data analysis; PC: acquisi‑
tion of clinical data and data analysis; AP: DNA sequencing; MS‑W: acquisition 
of clinical data and data analysis; PC: acquisition of clinical data and data 
analysis; AL: handling funding, critical revision of the manuscript; RP: design 
of the study, performing statistical analysis, drafting the manuscript, critical 
revision of the manuscript content. All authors read and approved the final 
manuscript.

Funding
The work was sponsored by National Institute of Cardiology internal Grant No. 
2.8/II/17.

https://doi.org/10.1186/s12967-022-03251-8
https://doi.org/10.1186/s12967-022-03251-8


Page 10 of 10Ponińska et al. Journal of Translational Medicine           (2022) 20:42 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Availability of data and materials
All the data not included in current article are available from the correspond‑
ing author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Bioethics Committee in the Institute of Cardi‑
ology ref. no. 1407.

Consent for publication
Not applicable.

Competing interests
Authors declare no competing interests.

Author details
1 Department of Medical Biology, National Institute of Cardiology, Alpejska 
42, Warsaw, Poland. 2 Unit for Screening Studies in Inherited Cardiovascu‑
lar Diseases, National Institute of Cardiology, Alpejska 42, Warsaw, Poland. 
3 Department of Medical Genetics, Centre of Biostructure, Medical University 
of Warsaw, Pawińskiego 3c, Warsaw, Poland. 

Received: 1 October 2021   Accepted: 13 January 2022

References
 1. Ostberg NP, Zafar MA, Ziganshin BA, Elefteriades JA. The genetics of 

thoracic aortic aneurysms and dissection: a clinical perspective. Biomol‑
ecules. 2020. https:// doi. org/ 10. 3390/ biom1 00201 82.

 2. Pinard A, Jones GT, Milewicz DM. Genetics of thoracic and abdominal 
aortic diseases. Circ Res. 2019;124(4):588–606.

 3. Erbel R, Aboyans V, Boileau C, Bossone E, Bartolomeo RD, Eggebrecht H, 
et al. 2014 ESC Guidelines on the diagnosis and treatment of aortic dis‑
eases: Document covering acute and chronic aortic diseases of the tho‑
racic and abdominal aorta of the adult. The Task Force for the Diagnosis 
and Treatment of Aortic Diseases of the European Society of Cardiology 
(ESC). Eur Heart J. 2014;35(41):2873–926.

 4. Hiratzka LF, Bakris GL, Beckman JA, Bersin RM, Carr VF, Casey DE Jr, et al. 
2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for 
the diagnosis and management of patients with Thoracic Aortic Disease: 
a report of the American College of Cardiology Foundation/American 
Heart Association Task Force on Practice Guidelines, American Associa‑
tion for Thoracic Surgery, American College of Radiology, American 
Stroke Association, Society of Cardiovascular Anesthesiologists, Society 
for Cardiovascular Angiography and Interventions, Society of Interven‑
tional Radiology, Society of Thoracic Surgeons, and Society for Vascular 
Medicine. Circulation. 2010;121(13):e266‑369.

 5. Ziganshin BA, Bailey AE, Coons C, Dykas D, Charilaou P, Tanriverdi LH, et al. 
Routine genetic testing for thoracic aortic aneurysm and dissection in a 
clinical setting. Ann Thorac Surg. 2015;100(5):1604–11.

 6. Kuzmik GA, Sang AX, Elefteriades JA. Natural history of thoracic aortic 
aneurysms. J Vasc Surg. 2012;56(2):565–71.

 7. Poninska JK, Bilinska ZT, Franaszczyk M, Michalak E, Rydzanicz M, Szpa‑
kowski E, et al. Next‑generation sequencing for diagnosis of thoracic 
aortic aneurysms and dissections: diagnostic yield, novel mutations and 
genotype phenotype correlations. J Transl Med. 2016;14(1):115.

 8. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier‑Foster J, et al. Standards 
and guidelines for the interpretation of sequence variants: a joint con‑
sensus recommendation of the American College of Medical Genetics 
and Genomics and the Association for Molecular Pathology. Genet Med. 
2015;17(5):405–24.

 9. Loeys BL, Dietz HC, Braverman AC, Callewaert BL, De Backer J, Devereux 
RB, et al. The revised Ghent nosology for the Marfan syndrome. J Med 
Genet. 2010;47(7):476–85.

 10. Freed LA, Benjamin EJ, Levy D, Larson MG, Evans JC, Fuller DL, et al. 
Mitral valve prolapse in the general population: the benign nature of 

echocardiographic features in the Framingham Heart Study. J Am Coll 
Cardiol. 2002;40(7):1298–304.

 11. Petersen SE, Selvanayagam JB, Wiesmann F, Robson MD, Francis 
JM, Anderson RH, et al. Left ventricular non‑compaction: insights 
from cardiovascular magnetic resonance imaging. J Am Coll Cardiol. 
2005;46(1):101–5.

 12. Elliott P, Andersson B, Arbustini E, Bilinska Z, Cecchi F, Charron P, et al. Clas‑
sification of the cardiomyopathies: a position statement from the Euro‑
pean Society Of Cardiology Working Group on Myocardial and Pericardial 
Diseases. Eur Heart J. 2008;29(2):270–6.

 13. Ghosh R, Oak N, Plon SE. Evaluation of in silico algorithms for use with 
ACMG/AMP clinical variant interpretation guidelines. Genome Biol. 
2017;18(1):225.

 14. Nykamp K, Anderson M, Powers M, Garcia J, Herrera B, Ho YY, et al. Sher‑
loc: a comprehensive refinement of the ACMG‑AMP variant classification 
criteria. Genet Med. 2017;19(10):1105–17.

 15. Amendola LM, Jarvik GP, Leo MC, McLaughlin HM, Akkari Y, Amaral 
MD, et al. Performance of ACMG‑AMP Variant‑Interpretation Guide‑
lines among Nine Laboratories in the Clinical Sequencing Exploratory 
Research Consortium. Am J Hum Genet. 2016;98(6):1067–76.

 16. Escobar‑Lopez L, Ochoa JP, Mirelis JG, Espinosa MA, Navarro M, Gallego‑
Delgado M, et al. Association of genetic variants with outcomes in 
patients with nonischemic dilated cardiomyopathy. J Am Coll Cardiol. 
2021;78(17):1682–99.

 17. Campens L, Renard M, Callewaert B, Coucke P, De Backer J, De Paepe A. 
New insights into the molecular diagnosis and management of herit‑
able thoracic aortic aneurysms and dissections. Pol Arch Med Wewn. 
2013;123(12):693–700.

 18. Faggion Vinholo T, Brownstein AJ, Ziganshin BA, Zafar MA, Kuivaniemi H, 
Body SC, et al. Genes associated with thoracic aortic aneurysm and dis‑
section: 2019 update and clinical implications. Aorta. 2019;7(4):99–107.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3390/biom10020182

	Good performance of the criteria of American College of Medical Genetics and GenomicsAssociation for Molecular Pathology in prediction of pathogenicity of genetic variants causing thoracic aortic aneurysms and dissections
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patients and consent
	Genetic testing
	Variants assessment
	Statistical analysis

	Results
	Clinical findings
	Variant classification by ACMG and ClinVar criteria
	Variant pathogenicity as assessed by ACMG criteria is a strong predictor of event free survival
	The performance of ACMG criteria in predicating event free survival is independent from ClinVar information
	Variants classified as VUS by either ACMG criteria or ClinVar do not affect event-free survival
	Distribution of genes and variants types between PLP, VUS and BLB variants according to ACMG classification

	Discussion
	Conclusions
	Acknowledgements
	References




