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Abstract
Background  Cascade testing can offer improved surveillance and timely introduction of clinical management for 
the at-risk biological relatives. Data on cascade testing and costs in mitochondrial diseases are lacking. To address this 
gap, we performed a cross-sectional retrospective study to provide a framework for cascade testing in mitochondrial 
diseases, to estimate the eligibility versus real-time uptake of cascade testing and to evaluate the cost of the genetic 
diagnosis of index cases and the cost of predictive cascade testing.

Methods  Data was collected through retrospective chart review. The variant inheritance pattern guided the 
identification of eligible first-degree relatives: (i) Males with mitochondrial DNA (mtDNA) single nucleotide variants 
(SNVs) – siblings and mothers. (ii) Females with mtDNA SNVs – siblings, mothers and offspring. (iii) Autosomal 
Dominant (AD) nuclear DNA (nDNA) variants – siblings, offspring and both parents. (iv) Autosomal Recessive (AR) 
nDNA variants – siblings.

Results  We recruited 99 participants from the Adult Mitochondrial Disease Clinic in Sydney. The uptake of cascade 
testing was 55.2% in the mtDNA group, 55.8% in the AD nDNA group and 0% in AR nDNA group. Of the relatives 
in mtDNA group who underwent cascade testing, 65.4% were symptomatic, 20.5% were oligosymptomatic and 
14.1% were asymptomatic. The mean cost of cascade testing for eligible first-degree relatives (mtDNA group: $694.7; 
AD nDNA group: $899.1) was lower than the corresponding index case (mtDNA group: $4578.4; AD nDNA group: 
$5715.1) (p < 0.001).

Conclusion  The demand for cascade testing in mitochondrial diseases varies according to the genotype and 
inheritance pattern. The real-time uptake of cascade testing can be influenced by multiple factors. Early diagnosis 
of at-risk biological relatives of index cases through cascade testing, confirms the diagnosis in those who are 
symptomatic and facilitates implementation of surveillance strategies and clinical care at an early stage of the disease.
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Background
In hereditary disorders, early diagnosis of affected indi-
viduals has clinical importance as it allows commence-
ment of appropriate therapies, initiation of surveillance 
protocols, a heightened early awareness of potential 
metabolic crises, implementation of preventative strate-
gies and informed reproductive choices. Cascade testing 
or cascade screening is a systematic process that identi-
fies family members of a proband or index case ‘at-risk’ of 
the hereditary disorder [1]. The index case may have been 
identified through single or multi-step genetic testing 
with or without broader non-genetic investigations (such 
as serum metabolites and muscle biopsy). The mode of 
inheritance of the index pathogenic genetic variant then 
determines who are the at-risk biological relatives suit-
able to undergo cascade testing.

Mitochondrial diseases are a heterogenous group of 
hereditary disorders. All modes of transmission have 
been described including maternal pattern of inheritance 
as seen in mitochondrial DNA (mtDNA) variants or clas-
sic Mendelian patterns i.e., autosomal dominant (AD), 
autosomal recessive (AR) or X-linked recessive, as seen in 
nuclear DNA (nDNA) variants [2–5]. 

Genetic testing is costly and the diagnostic odyssey in 
mitochondrial diseases can be longer given the clinical 
heterogeneity and protean manifestations [4–6]. With 
newer, more costly and less invasive Next-Generation 
Sequencing (NGS) strategies such as Whole Genome 
Sequencing (WGS) demonstrating improved diagnostic 
rates, and becoming increasingly ‘gold standard’, the ben-
efits of cascade testing need to be additionally addressed. 
Cascade testing can offer an earlier diagnosis and earlier 
introduction of clinical management and best practices. 
Those who test negative can be released from unneces-
sary, costly and time-consuming surveillance.

While literature available on cascade testing evaluates 
the ‘barriers and facilitators’ within genetic conditions [7, 
8], the costs and health effects have not been as exten-
sively investigated and are not routinely considered in 
economic evaluations. With respect to mitochondrial 
diseases, there are 4 case reports/series published that 
report on the segregation testing of close family mem-
bers of mitochondrial disease patients with pathogenic 
AR nDNA variants [9–12]. Comparable data is not avail-
able for cascade testing for patients with AD nDNA and 
mtDNA variants.

To address these gaps, we performed a cross-sectional 
retrospective study to provide a framework for cas-
cade testing which considers the mode of inheritance 
amongst pathogenic variants in mitochondrial diseases 
and reports on eligibility versus uptake proportion in 
our cohort. Our analyses include the cost of the genetic 
diagnosis of probands/index cases and the collective cost 
of predictive cascade testing of their eligible biological 

relatives as this has implications for the healthcare sys-
tem, resource utilization and best practice principles 
applicable to the uptake of NGS technologies.

Methods
This is a cross-sectional observational study for which we 
utilised a cohort first enrolled from Mitochondrial Dis-
ease Clinic at Royal North Shore Hospital in Australia, to 
determine the capacity for WGS to identify pathogenic 
mtDNA and nDNA variants and thereby simplifying 
the diagnostic pathway [2]. This clinic provides care for 
patients with mitochondrial diseases (aged sixteen years 
and above). We approached this WGS diagnostic cohort 
for enrolment in our study. The enrolment was carried 
out from September 2018 to December 2021.

North Sydney Local Health District Human Research 
Ethics Committee approved this research study (NSLHD-
HREC Reference number: LNR/17/HAWKE/268) in 
accordance with National Health and Medical Research 
Council (NHMRC) National Statement [13] and NSW 
Health Policy Directive [14]. This study was conducted 
in accordance with the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) guide-
lines. The STROBE checklist [15] (supplementary file) 
was used to ensure comprehensive reporting of the study 
design, implementation, and findings.

Inclusion and exclusion criteria
Patients were eligible for enrolment in our study if they 
either had a genetically confirmed diagnosis or fulfilled 
the diagnostic clinical criteria [16] along with muscle 
biopsy findings supportive of a diagnosis of mitochon-
drial disease but tested negative for pathogenic variants 
on WGS. Written informed consent was obtained from 
all participants or their guardians.

Investigations carried out for confirmation of genetic 
diagnosis in the probands included single gene and/or 
gene panel testing and/or WGS on blood-derived DNA 
samples. Long range polymerase chain reaction (PCR) 
was carried out on urine samples for some patients if 
mtDNA deletion(s) was suspected. Patients may have 
undergone muscle biopsy prior to or in conjunction with 
genetic testing. Muscle biopsies were evaluated with 
cytochrome oxidase/succinate dehydrogenase (COX/
SDH) histochemical stains and with electron microscopy, 
but genetic testing was not carried out on this tissue 
sample. The costs of these variant-specific techniques are 
provided in Table S1 (supplementary materials).

Data collection
The electronic medical records and old patient files in 
secure storage at the hospital were accessed for retro-
spective chart review on the participants enrolled for this 
study. We collected data on the results of genetic testing 
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of the participants, documented pedigrees and severity of 
symptoms for both the participants and eligible biologi-
cal relatives at the time of first-clinic consultation. The 
pedigrees were used to identify eligible first-degree bio-
logical relatives who may or may not have undergone cas-
cade testing. Sanger sequencing on blood-derived DNA 
samples for nDNA variants was utilized for cascade test-
ing. Pyrosequencing to confirm the presence of hetero-
plasmic mtDNA variants was used for family members 
of individuals who were identified with mtDNA vari-
ants. Information regarding testing of any second-degree 
relatives was also noted. We did not directly access any 
health records of relatives of the participants as laid out 
in the conditions for Ethics Approval.

Analysis
We have reported the descriptive statistics for this study 
including frequency counts and percentages. The selec-
tion of eligible first-degree biological relatives was based 
on genotype inheritance pattern and utilized proband-
to-sibling, proband-to-offspring and proband-to-parent 
models and thus included:

1.	 Siblings Or
2.	 Siblings and Parents Or
3.	 Siblings and Offspring and Parents

We also identified the proportion of eligible first-degree 
relatives who completed cascade testing through our 
clinic at some point in time.

Cascade testing can be extended to second degree bio-
logical relatives but these costs were not included in our 
analysis due to the complexities involved in estimating 
inheritance and utilisation patterns for this population 
subgroup.

The cost figures are presented here in their original 
currency (Australian Dollars or $AUD). We used the 
Mann-Whitney non-parametric test to compare the costs 
of genetic diagnosis of probands/index cases and costs of 
cascade testing for the total number of corresponding 

eligible first-degree biological relatives. These are direct 
costs associated with diagnostic testing and do not 
include costs of appointments or follow-up visits. We 
have conducted all statistical analyses using R and RStu-
dio (R 4.2.1) and IBM SPSS Statistics version 28.

Results
We enrolled ninety-nine participants in this study, 
referred to as index cases or probands. Sixty-seven par-
ticipants were identified as suitable for cascade testing. 
The mean age of these participants at the time of diag-
nosis was 43.07 years (standard deviation (SD) 15.51). 
Females constituted 68.7% and males constituted 31.3% 
of this group (Table 1).

Figure 1 provides the framework that was used to iden-
tify first-degree biological relatives suitable for cascade 
testing. For male participants with mtDNA single nucleo-
tide variants (SNVs), siblings (full- or maternal half-sib-
lings) and mothers were considered suitable for cascade 
testing. For female participants, biological offspring were 
also considered suitable. For participants with AD nDNA 
variants, siblings, offspring and both parents were con-
sidered eligible. For participants with AR nDNA variants, 
siblings were identified as suitable for cascade testing to 
check for carrier status.

Of the participants eligible for cascade testing, forty-
nine had mtDNA SNVs, eleven had AD nDNA variants 
and seven had AR nDNA variants (Tables S2 & S3). The 
predominant phenotype for participants with AD nDNA 
variants was optic atrophy and/or chronic progressive 
external ophthalmoplegia (CPEO). Pathogenic OPA1 
variants were confirmed in eight and TWNK variants in 
three participants of this group. Amongst the partici-
pants with AR nDNA variants, 2 had YARS2 and 5 had 
POLG variants. Six asymptomatic children of partici-
pants with pathogenic mtDNA variants were excluded 
from eligibility criteria as they were younger than 16 
years of age at the time of the study. Genetic testing in 
asymptomatic members of the affected family in this age 

Table 1  – demographic characteristics of participants
Demographic Characteristics Index Cases Eligible for Cascade Testing

N (%)
Index Cases Not Eligible for Cascade 
Testing
N (%)

Number of Participants 67 (67.7) 32 (32.3)
Mean Age at Diagnosis 43.07 61.47
Gender Females 46 (68.7) Females 20 (62.5)

Males 21 (31.3) Males 12 (37.5)
Pathogenic variants mtDNA SNVs 49 (73.1) mtDNA deletions 4 (12.5)

nDNA variants (AD) 11 (16.4) Negative on WGS 28 (87.5)
nDNA variants (AR) 7 (10.5)

Support Level Have a paid carer 18 (26.9) Have a paid carer 6 (18.8)
Living with parents 9 (13.4) Living with parents 1 (3.1)
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group was not recommended in Australia at the time of 
our study and our study focused on adult patients.

Of the thirty-two participants who were considered 
unsuitable for cascade testing, four had mtDNA deletions 
and twenty-eight tested negative on WGS.

Figure  2 and 3 respectively show the number of eli-
gible first-degree biological relatives of participants with 
pathogenic mtDNA and AD nDNA variants. Ninety-six 
first-degree biological relatives were identified for the 49 
index cases with mtDNA variants with an average of 1.6 
eligible relatives per male participant (Range: 0–4) and 
2.4 per female participant (Range: 0–7). Cascade testing 
was completed by 53 of these relatives which constitutes 
55.2% of the identified eligible cohort.

For the 11 participants with AD nDNA variants, 43 
first-degree relatives were identified as eligible with 24 
completing the cascade testing which is 55.8% of the 
eligible cohort. 16 siblings were identified for the seven 
participants with AR nDNA variants. However, none of 
them completed cascade testing. Two of these siblings 
were symptomatic but one was already deceased at the 
time of data collection.

A surprisingly large percentage of second-degree rela-
tives of index cases with mtDNA variants undertook 

cascade testing. The combined number of first-degree 
(53) and second-degree (59) relatives who completed cas-
cade testing in this group was 112 of whom 78 had infor-
mation on records regarding their symptom spectrum.

Figure  4 shows the spectrum of symptoms in these 
78 relatives at the time of genetic diagnosis of the pro-
band in their families. Relatives who tested positive 
were clinically categorized as symptomatic, oligosymp-
tomatic or asymptomatic, according to the extent of 
clinical manifestations of mitochondrial diseases. The 
category labelled ‘Symptomatic and Deceased’ (constitut-
ing 21.8%) includes relatives who were symptomatic at 
the time of genetic diagnosis in probands and deceased 
at the time of retrospective chart review. These cases are 
in addition to the relatives labelled ‘Symptomatic’. 43.6% 
relatives were ‘symptomatic’ and alive at the time of data 
collection, 20.5% were ‘oligosymptomatic’ and 14.1% 
were ‘asymptomatic’.

The mean cost of genetic diagnosis of an index case 
with mtDNA SNV was $4578.4 (SD 1567.7). The cost 
of cascade testing of a single eligible biological relative 
within this group was $230 and the mean cost of cascade 
testing in our study accounting for the total number of 
eligible first-degree biological relatives per index case 

Fig. 1  Framework to identify eligible first-degree biological relatives for Cascade Testing in Mitochondrial Diseases. Footnote mtDNA: mitochondrial DNA, 
nDNA: nuclear DNA, AD: autosomal dominant, AR: autosomal recessive, WGS: whole genome sequencing
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with mtDNA SNVs was $694.7 (SD 434.1). The cost of 
predictive cascade testing for these relatives irrespective 
of their number was significantly lower (U = 2221.00; SD 
136.23, z = 7.67, p < 0.001, r = 0.78).

For the participants with AD nDNA variants, the mean 
cost of genetic diagnosis of an index case was $5715.1 (SD 
804.3) and the mean cost of cascade testing was $899.1 
(SD 539.0). As expected, the cost of the cascade testing 
of eligible first-degree biological relatives of index cases 

Fig. 3  First-degree relatives of participants with pathogenic AD nDNA variants considered suitable for Cascade Testing (n = 43). Footnote AD: autosomal 
dominant, nDNA: nuclear DNA

 

Fig. 2  First-degree relatives of participants with pathogenic mtDNA SNVs considered suitable for Cascade Testing (n = 96). Footnote mtDNA: mitochon-
drial DNA, SNV (single nucleotide variant)
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with AD nDNA variants (median = $920) in our cohort 
was significantly lower than the cost of genetic diagno-
sis (median = $5700) for these index cases (U = 121.00; SD 
15.02, z = 4.03, p < 0.001, r = 0.86).

Discussion
Our study explores the process and uptake of cascade 
testing of the biological relatives of probands/index cases 
recruited systematically from an adult mitochondrial 
disease clinic. It also evaluates the symptom burden in 
relatives at the time of diagnosis of the index cases and 
presents a cost comparison between genetic diagnosis in 
index cases and corresponding predictive cascade testing.

All inheritance patterns have been described in mito-
chondrial diseases [2, 4, 17]. mtDNA SNVs follow mater-
nal inheritance but this is complicated by variable disease 
expression, in part related to heteroplasmy and tissue 
distribution of the variant. Single mtDNA deletions pre-
dominantly occur sporadically with low inheritance risk 
whereas multiple mtDNA deletions result from primary 
nuclear defects and follow Mendelian inheritance pat-
terns [18]. In our cohort, 4 participants had mtDNA 
deletions; 3 had single and 1 had multiple deletions but 
negative on WGS for a primary nuclear variant. Hence, 
cascade testing was not considered necessary for their 
relatives.

For the 49 participants with mtDNA SNVs, the average 
number of first-degree relatives suitable for cascade test-
ing was higher for females (2.4/participant) compared to 
males (1.6 /participant) due to the inclusion of offspring 
in addition to siblings and mothers.

Eleven participants had AD nDNA heterozygous vari-
ants (8 with OPA1 and 3 with TWNK). Dominant Optic 
Atrophy (DOA) constitutes one of the most common 
inherited optic neuropathies and pathogenic OPA1 vari-
ants have been identified in ~ 60% of these families [19] 
whilst pathogenic variants in TWNK clinically manifests 
as autosomal dominant progressive external ophthalmo-
plegia (adPEO) [20]. Early recognition offers an opportu-
nity for commencement of Idebenone therapy which may 
stabilize and/or recover visual acuity in some of these 
patients [21, 22]. 

The AR nDNA variants were observed in 7 partici-
pants and cascade testing was considered for identifying 
carrier status of siblings for the specific purpose of fam-
ily planning. Informed reproductive choices are a cor-
nerstone of the advantages offered by cascade testing in 
mitochondrial diseases due to pathogenic mtDNA and 
AD nDNA variants. With the advent of new technologies 
like mitochondrial donation [23, 24], its importance can-
not be overstated. For the relatives of participants with 
AR nDNA variants, despite the carrier risk (heterozy-
gosity for a pathogenic variant), the risk of transmission 

Fig. 4  Symptom spectrum in biological relatives of participants with pathogenic mtDNA SNVs. Footnote mtDNA: mitochondrial DNA, SNV (single nucleo-
tide variant)
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remains low as compared to those with pathogenic AD 
nDNA and mtDNA variants and screening is mainly jus-
tified in the setting of consanguinity [25, 26]. 

Greater than two-thirds of our study population was 
female. Our study did not specifically explore reasons for 
the higher female participation. Studies have reported 
on psychological impacts on maternal health including 
maternal guilt and anguish in association with trans-
mission of X-linked recessive disorders to their children 
[27–29]. Similar findings are observed in mothers and 
caregivers of patients with mitochondrial disorders.30, 
31 73.1% of participants eligible for cascade testing in our 
cohort had mtDNA SNVs. Maternal concerns regarding 
disease transmission and need for diagnostic and prog-
nostic clarity may contribute to gender disparity in vol-
untary study participation.

Studies on cascade testing for several genetic disorders 
suggest suboptimal uptake despite severe clinical phe-
notypes. Srinivasan et al. concluded in their systematic 
review that only few studies have systematically reviewed 
the uptake of cascade testing in relatives of probands 
[8]. Various barriers relating to demographics, knowl-
edge, attitudes, beliefs, emotional responses of the indi-
vidual and perceptions of relatives have been reported 
[8]. Studies on the uptake of cascade testing are typi-
cally focussed on familial cancers, cardiomyopathies and 
hereditary hypercholesterolemia. Reported uptake rates 
vary between 35% and 80%, depending on availability of 
genetic counselling, the rigor of surveillance trials and 
the type of condition [32]. In our study, cascade test-
ing was completed by 55.2% of eligible relatives of index 
cases with mtDNA variants and 55.8% of AD nDNA vari-
ants. The mean age of our participant population at the 
time of genetic diagnosis was 43.07 years (Table 1). Due 
to the elderly status and frailty or interstate residence, 
genetic testing was undertaken by only 11 mothers. In 
some cases, mothers were already deceased. As per the 
chart review, reasons provided for non-participation by 
relatives other than the parents in our study population 
included interstate residency, refusal of cascade testing 
due to repercussions for obtaining ‘health or life’ insur-
ances, being ‘well or with minimal symptoms’, ‘in denial’ 
and lost to follow up.

Within our cohort, the uptake of cascade testing in the 
groups with AD nDNA and mtDNA variants was simi-
lar. Other reasons for non-participation in the asymp-
tomatic relatives of index cases with DOA or adPEO may 
include a lack of awareness of the risks or knowledge of 
the heritable illness and benefits of cascade screening in 
general. None of the eligible relatives of index cases with 
AR nDNA variants underwent cascade testing which is 
not unexpected as the knowledge of carrier state is most 
useful at the time of family planning and especially if the 

variant status of the partner is also known and noted to 
be positive for the hereditary disorder.

In Fig.  3, the categories labelled ‘Symptomatic’ and 
‘Symptomatic and Deceased’ together comprised approx-
imately two-thirds (65.4%) of the eligible relatives in 
mtDNA group. This highlights the long diagnostic odys-
sey of patients with mitochondrial diseases [6], the low 
rate of clinical awareness to identify and potentially diag-
nose mitochondrial diseases, and lack of awareness of 
the benefits of cascade testing. The categories labelled 
‘Asymptomatic’ and ‘Oligosymptomatic’ constituted the 
remaining one-third (34.6%) of the relatives who tested 
positive in this group. Relatives in these categories may 
benefit most from cascade testing by introduction of 
early intervention, commencement of surveillance strate-
gies and potential enrolment in the current and upcom-
ing clinical trials. Examples of early intervention and 
preventative therapies (accepted in ‘current standards’ 
or becoming increasingly recognised) in mitochondrial 
diseases include Idebenone for Leber’s Hereditary Optic 
Neuropathy [33, 34] and L-arginine [35, 36] administra-
tion for stroke-like episodes in Mitochondrial Encepha-
lomyopathy, Lactic Acidosis and Stroke-like episodes 
(MELAS). Although some doubt has risen recently con-
cerning the effectiveness of L-arginine, several publica-
tions have indicated its clinical effectiveness, proposed/
explained underlying pathophysiology and mechanisms. 
Its administration is considered as a standard of care and 
its use is often given on a case-by-case basis adopting a 
‘no-harm’ approach [37]. 

The avoidance of a long and costly diagnostic journey is 
another benefit to carrying out cascade testing earlier in 
eligible relatives rather than management later as index 
cases. As evident in our study where the cost of cascade 
testing for eligible first-degree biological relatives was sig-
nificantly less than the cost of the genetic diagnosis of the 
corresponding index case ($694.7 vs. $4578.4 for mtDNA 
SNVs and $899.1 vs. $5715.1 for AD nDNA variants). 
Although NGS technology offers a highly improved diag-
nostic approach to neurogenetic conditions, it remains a 
costly endeavour. However, the benefits of cascade test-
ing greatly help in justifying these NGS costs.

The mean cost of genetic diagnosis of an index case 
with AD nDNA variant was higher than that for mtDNA 
SNV as gene panel testing for optic atrophy and CPEO 
was more expensive compared to gene panel testing for 
common mtDNA SNVs analysis (Table S1). Similarly, 
the corresponding cost of cascade testing for AD nDNA 
variants was slightly higher than that for mtDNA SNVs 
because the average number of eligible biological rela-
tives per index case for AD nDNA variants was greater 
than mtDNA SNVs as identified through the testing 
framework (Fig. 1).
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Conclusion
Mitochondrial diseases can follow multiple patterns of 
inheritance and cascade testing enables early diagnosis 
of at-risk biological relatives of index cases facilitating 
earlier clinical care and implementation of surveillance 
strategies. Genetic diagnosis informs cascade testing, and 
its demand varies according to the genotype. Our study 
provides a framework for cascade testing in mitochon-
drial diseases. Significantly, the uptake of cascade testing 
was over 50% in at-risk relatives of mtDNA SNVs in our 
study of whom over 60% displayed symptoms and were 
undiagnosed prior to testing. Future studies on the cost 
of genomic testing should include cascade testing to fully 
capture the value of a diagnosis.
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