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ARTICLE INFO ABSTRACT

Keywords: Individuals with genetic mitochondrial diseases suffer from multisystem symptoms that vary in severity and over

Mitochondrial disease time, but the factors influencing disease manifestations are poorly understood. Based upon i) patient and family

]S;ress. reports that stressful life events trigger or exacerbate symptoms, ii) biologically plausible pathways whereby
motions

psychological states and stress hormones influence mitochondrial energy transformation capacity, and iii)
epidemiological literature linking traumatic/stressful life events and multiple neurologic disorders, we hy-
pothesized that mitochondrial disease symptom severity may in part vary with daily mood. To examine patients’
perception around potential psycho-biological mechanisms known to operate in other chronic illnesses, we
administered the Stress, Health and Emotion Survey (SHES) to 70 adults with self-reported mitochondrial diseases.
Participants rated how severe each of their symptom(s) was over the past year, separately for either ‘good’
(happy, calm) or ‘bad’ (stress, sad) emotional days. On average, patients reported that most symptoms were
better on “good” emotional days (p < 0.0001) and worse on “bad” emotional days (p < 0.0001). Of the 29
symptoms assessed, 27 were associated with daily mood (p < 0.01). Some but not all symptoms were reported to
be less or more severe on good and bad days, respectively, including fatigue, exercise intolerance, brain fog, and
fine motor coordination (ps < 0.0001). These associative results suggest that on average individuals living with
mitochondrial diseases perceive a connection between their mood and symptoms severity. These preliminary
findings constitute an initial step towards developing more comprehensive models to understand the psycho-
biological factors that influence the course of mitochondrial diseases.

Disease severity
Clinical survey
Patient care

1. Introduction

Mitochondrial diseases are a heterogeneous group of rare disorders
primarily caused by mutations or deletions in the mitochondrial DNA
(mtDNA) or nuclear DNA (nDNA) that manifest clinically either in
children or adults (Emmanuele et al., 2022; Gorman et al., 2016). Cur-
rent therapies are limited to palliative symptom-specific treatments (e.
g., blepharoplasty for ptosis) and preventative care (Tinker et al., 2021).
The relative rarity of these conditions and the heterogeneity of symp-
toms contribute to a difficult diagnostic journey, with patients waiting
on average 9 years for a diagnosis (Thompson et al., 2023). Individuals
with the same mutation can have different organs affected, distinct
clinical presentations, and a broad range of symptoms (Grier et al.,

2018). The most common symptoms include fatigue, muscle weakness,
gastrointestinal difficulties, ataxia, vision loss, and tremors (Gorman
etal., 2016). While symptomatic heterogeneity and disease severity tend
to differ according to specific mutations and to be more severe in in-
dividuals with higher mtDNA mutation load (i.e., the proportion of
mtDNA carrying the mulation/deletion, also called heteroplasmys;
(Grady et al., 2018)), the course of mitochondrial disease is not linear
and varies over time (Dimond, 2013). Currently, we lack a compre-
hensive framework to explain the day-to-day and week-to-week symp-
tomatic variations that patients experience.

Several common diseases are known to be triggered or exacerbated
by common psychosocial factors, including mental stress (Hackett and
Steptoe, 2017; Rosengren et al., 2004; Steptoe and Kivimaki, 2012;

* Corresponding author at: Department of Psychiatry, Division of Behavioral Medicine, Columbia University Irving Medical Center, New York, NY 10032, USA.

E-mail address: martin.picard@columbia.edu (M. Picard).

https://doi.org/10.1016/j.mit0.2025.102033

Received 17 October 2024; Received in revised form 11 February 2025; Accepted 26 March 2025

Available online 29 March 2025

1567-7249/© 2025 Elsevier B.V. and Mitochondria Research Society. All rights are reserved, including those for text and data mining, Al training, and similar

technologies.


mailto:martin.picard@columbia.edu
www.sciencedirect.com/science/journal/15677249
https://www.elsevier.com/locate/mito
https://doi.org/10.1016/j.mito.2025.102033
https://doi.org/10.1016/j.mito.2025.102033

C. Kelly et al.

Thaker et al., 2006). Stress and other psychological states produce
physiological effects via multiple neuroendocrine pathways, where
brain-derived signals cause the systemic release of glucocorticoids,
catecholamines, and other neuroendocrine factors (O’Connor et al.,
2021). Once in circulation, these potent hormones signal onto every
organ system and tissue (Basarrate et al., 2024), producing extensive
immune and metabolic recalibrations (Cohen et al., 2012; Sterling,
2012). Thus, the metabolism of every organ system is hardwired (with
receptors for circulating hormones or by nerve endings) to dynamically
respond to one’s emotional state, or mood. This stress-metabolism
cascade may explain how stressful experiences influence the symptom-
atology and/or pathogenesis of various somatic disorders, among which
acute asthma (Chen and Miller, 2007) angina and coronary heart disease
(Dimsdale, 2008; Fioranelli et al., 2018), and susceptibility to viral in-
fections (Cohen et al., 1991) are best described. These data form the
basis for a potential stress-metabolism-disease cascade.

The existence of a stress-disease cascade is also supported by evi-
dence in neurologic disorders other than mitochondrial disorders.
Compared to the prevalence of adverse childhood experiences (ACEs) in
the general population, in outpatients with idiopathic neurologic and
neuromuscular diseases, ACEs were twice as prevalent (Mendizabal
et al., 2022). Because ACEs occur before adult-onset disorder, this sug-
gests that ACEs could increase the vulnerability to neurologic and
neuromuscular diseases. High ACE scores have also been associated with
more frequent emergency visits and hospitalizations in general (Diaz
et al., 2022; Okeson et al., 2022). Similarly, a meta-analysis including >
150,000 adult participants showed that as the number of reported ACEs
increased, the risk of primary headaches significantly increased, with
both threat and deprivation traumas being significantly associated with
headache disorders (Sikorski et al., 2023). This, also, is consistent with
an effect of psychological factors on physical health. To our knowledge,
whether psychosocial processes are associated with symptom severity in
mitochondrial diseases has not been examined.

This study examined whether individuals with mitochondrial disease
report a connection between their mood and the severity of specific
symptoms. We designed the Stress, Health and Emotion Survey (SHES)
where participants reported the symptoms they experienced over the
past year, and then rated the severity of each symptom on good days
(defined as happy and calm) and bad days (stressed and sad). Our
findings extend existing literature on stress-disease experience to genetic
mitochondrial disorders, calling for further research examining poten-
tial strategies to improve patient care.

2. Methods
2.1. Recruitment

We undertook an online survey of adults with self-reported mito-
chondrial disease who had previously agreed to be contacted for
research studies. The survey was distributed through the North Amer-
ican Mitochondrial Disease Consortium (NAMDC) and United Mito-
chondrial Disease Foundation (UMDF) patient contact lists and
completed remotely through REDCap. Individuals with mitochondrial
diseases often face a long diagnostic journey (Grier et al., 2018) that is
financially, psychologically, and energetically expensive. Some also
remain without a definitive genetic diagnosis. To capture perceptions of
a wide spectrum of patients’ experience, eligibility for the SHES study
did not require a genetic diagnosis. This study was approved by the New
York State Psychiatric Institute (NYSPI) [IRB protocol #8069]. Informed
consent was obtained from all participants and maintained in the
HIPPA-compliant REDCap system.

2.2. Survey design and items

The cross-sectional SHES study was designed to 1) record self-
reported symptoms and their severity, and 2) assess whether their
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symptom severity differs on “good” or “bad” days.

Our survey (available in full in Supplemental File 1) first asked
participants to identify all symptoms they have experienced over the
past year from a list of 29 common mitochondrial disease symptoms.
The symptoms list was compiled from a combination of the Newcastle
Mitochondrial Disease Adult Scale (NMDAS) (Schaefer et al., 2006),
Composite Autonomic Symptom Score-31 (COMPASS-31) (Sletten et al.,
2012; Suarez et al., 1999), Columbia Neurological Scale (CNS)
(Kaufmann et al., 2009; Kaufmann et al., 2011; Kaufmann et al., 2004),
and input from a mitochondrial medicine expert (author M.H.). To
maximize accessibility and minimize false-negative selections, technical
clinical symptoms nomenclature was translated into non-scientific
response item terms (e.g., “myoclonus” into “body/limb jerks”). A full
list of terms that differ between the survey and displayed figures is
available in Supplemental File 2.

After participants had endorsed the symptoms they experienced in
the past year, the survey then prompted participants to think about
“good” emotional days (defined with positive words from the circum-
plex model of affect, “happy” and “calm”) and estimate how many good
days they generally had over the past year. Participants were then asked
to reflect on how much the severity of each endorsed symptom, up to 29,
differed on good in comparison to normal days, and to rate this using a
psychometrically robust 7-point Likert scale (Kusmaryono et al., 2022)
ranging from “much worse” = —3 to “much better” = 3 with 0 meaning
“no difference.” After participants had rated symptom severity on good
days, they were asked to repeat this process for “bad” emotional days for
each symptom reported (described with negative words from the cir-
cumplex model, “stressed” and “sad”).

The SHES questionnaire was completed in 17 minutes on average.
Patients reported on average 54 % good days (range 10-98 %, median
50 %) and 42 % bad days (range 5-90 %, median 40 %) in their previous
year. Sex was measured using self-selection of female, male, intersex, or
prefer not to disclose. Gender was assessed with a check-all-that-apply
question including woman, man, agender, genderqueer, gender-fluid,
non-binary, questioning, transgender, trans man, trans woman, other,
and prefer not to disclose. Race/ethnicity was measured with a check-
all-that-apply question including American Indian, Asian, Black, His-
panic, Hawaiian and Pacific Islander, white, and/or prefer not to
disclose. We did not collect any information on current medications,
other diagnoses or mutations, insurance coverage, class, exposure to
stress, resources/support for mitochondrial disease, or challenges in
participants’ daily lives. Notably, our survey cannot speak to the
directionality of the relationship between symptom severity and mood —
i.e., whether lessened symptoms led to days being more pleasant, or
whether emotionally challenging days worsened symptoms.

At the end of the survey, participants were offered an open text box
to contribute comments related to the survey. We analyzed participant
comments to gauge perceptions of our question and methods. Responses
were coded and emergent themes are discussed below as guidance for
future studies.

2.3. Statistical analyses

Participants were excluded if they did not complete the entire
questionnaire (n = 2), they were confused about the wording (as they
noted in a comment, n = 1), or if their responses signified a lack of
attention to the prompt (n = 1). If participants completed the survey
multiple times, only the first survey was used. The associations between
average symptom severity, age, and number of reported symptoms were
assessed using Spearman’s rho correlations. “Good day” and “bad day”
scores per symptom were calculated as the mean symptom severity score
across all participants on good or bad days respectively. The differences
in good/bad day scores and “no change” = 0 were analyzed indepen-
dently using one sample t-tests, testing whether the mean of a single
distribution (e.g., good day scores for a given symptom) significantly
differs from a specified value (0). Symptom-specific analyses were only
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run when n > 3 people reported the symptom. Because symptom level
results were not normally distributed, symptom-specific analyses were
performed using Wilcoxon signed-rank tests, and results visualized
together with their 99 % confidence intervals (C.I.). All statistical ana-
lyses were performed using GraphPad Prism (version 9.5.1) and Excel
(version 16.74).

3. Results
3.1. Patient characteristics

A total of 70 participants with a self-reported mitochondrial disease
completed the online survey. Participants were majority white (83 %)
cisgender women (83 %), aged 19-74 years (median 50.5) (Table 1).
Most participants (n = 61, 87 %) were able to report their clinical
diagnosis. Mitochondrial Encephalomyopathy, Lactic Acidosis, and
Stroke-like episodes (MELAS) was most frequently reported (19 %),
followed by Chronic Progressive External Ophthalmoplegia (CPEO) (17
%), and complex I deficiency (13 %; Fig. 1A, full list in Table 1). Most
participants (n = 59, 84 %) were unable to report their genetic diagnosis.

3.2. Symptom prevalence

Participants endorsed on average 13 symptoms (range 2 — 24,

Table 1
Participant characteristics.
Demographic
N 70
Age, years (mean (SD, range)) 48.2 (14.4,
19-74)
Sex, female mean (SD) 58 (82.9)
Race/ethnicity mean (SD)
White 58 (82.9)
Black 2(2.9)
Asian 2(2.9)
Hispanic or Latino 1149
Multiple 4 (5.7)
Unknown 3(4.3)
American Indian or 0 (0.0)
Alaskan Native
Number of symptoms 13.17 (5.57)
Reported clinical diagnosis n (%)
MELAS 13 (18.6)
CPEO 12 (17.1)
Complex I deficiency 9(12.9)
Complex III deficiency 8(11.4)
Complex IV deficiency/COX Deficiency 6 (8.6)
Mitochondrial cytopathy 6 (8.6)
Mitochondrial DNA depletion 5(7.1)
POLG disease 6 (8.6)
Coenzyme Qo deficiency 5(7.1)
KSS 5(7.1)
Complex V deficiency 4(5.7)
Mitochondrial encephalopathy 4(5.7)
Leber hereditary optic neuropathy 3(4.3)
Creatine deficiency syndromes 3(4.3)
Complex II deficiency 3(4.3)
Lactic acidosis 2(2.9)
Beta-oxidation defects 1(1.4)
Carnitine-Acyl-Carnitine deficiency 1(1.4)
Myoclonic epilepsy ragged-red fiber (MERRF) 1(1.4)
Mitochondrial neurogastrointestinal encephalomyopathy 1(1.4)
(MNGIE)
Short chain acyl-CoA dehydrogenase (SCAD) deficiency 1149
Unknown (Mitochondrial Cytopathy) 9 (12.9)
Reported genetic diagnosis n (%)
0m.3243A > G 5(7.1)
Single mtDNA deletion 4 (5.7)
0m.14484A > G 1(1.4)
0m.15257G > A 1(1.4)
Unknown 59 (84.3)
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median 13). Aligning with previous literature (Ameele et al., 2020;
Gorman et al., 2015; Kanungo et al., 2018) the most commonly endorsed
symptoms were fatigue (82 % of participants), muscle weakness (73 %),
and pain (73 %). The most rarely endorsed symptoms were seizures (6
%), diminished sweating (7 %), and involuntary muscle jerks (chorea or
dystonia) (8 %) (Fig. 1C).

3.3. Perceived differences in symptom severity by positive and negative
mood

On average, patients reported that most symptoms were better (i.e.,
less severe) on days marked by more happy and calm feelings — “good”
emotional days compared to no change (t = 11.83, p < 0.0001). On the
other hand, most symptoms were generally worse on days with more
feelings of stress, sadness and other negative emotions — “bad”
emotional days (t = 15.51, p < 0.0001, Fig. 1D). Averaging across all
symptoms, there was a significant difference in perceived symptom
severity between good and bad days (t = 16.19, p < 0.0001). These
effects were independent of the number of symptoms reported
(Spearman r = 0.002, p = 0.99) and age (Spearman r = -0.10, p = 0.40).

Symptoms that were reported to be significantly better on good days,
compared to no change, included depression (mean difference = +1.88,
p < 0.0001), anxiety (+1.43, p < 0.0001), fatigue (+1.20, p < 0.0001),
fine motor coordination (+1.04, p < 0.0001), and non-migraine head-
aches (+1.44, p < 0.0001). Seizures appear to be better with good days
(as seen in Fig. 2), but this association did not reach significance, likely
due to the small number of participants that endorsed this symptom (n
=4).

Symptoms that were significantly worse on bad days included fatigue
(—2.20, p < 0.0001), depression (—2.06, p < 0.0001), anxiety (—1.74, p
< 0.0001), exercise intolerance (—1.96, p < 0.0001), brain fog (—1.88,
p < 0.0001), and fine motor coordination (—1.67, p < 0.0001) (Fig. 2).
The severity scores reported by each participant, by symptom, are
shown in Supplemental Fig. S1.

The specificity of symptoms reported to be related to daily mood
provides some evidence that participants were actively engaged with
this survey and did not universally conflate physical and psychological
states. The severity of some symptoms showed no association with
mood, including seizures, diminished sweating, and chorea/dystonia.
The lack of perceived association between mood and certain symptoms
also increases the probability that the consistent effects reported for the
symptoms above are specific.

Finally, perceived differences in symptom severity on good and bad
days were similar between clinical groups (CPEO, MELAS, and other
clinical diagnoses) for most symptoms (Supplemental Fig. S2). All clin-
ical groups rated exercise intolerance and fatigue among the symptoms
that differ the most on bad days, and numbness and vision problems
among the symptoms that differ the least on bad days. Notably, the
CPEO clinical group showed little to no symptom severity change in
exercise intolerance, gastro-intestinal symptoms, ataxia, or numbness on
good days.

4. Discussion

The aim of this study was to explore whether adults with mito-
chondrial diseases report a link between their daily mood and specific
symptoms. The signs and symptoms of mitochondrial diseases do not
progress linearly. They fluctuate over time, at times worsening, and at
times improving for unknown reasons. Since the underlying gene defect
does not dynamically amplify or regress over days and weeks, whereas
symptoms do vary across these time scales, other disease-modifying
factors are likely at play. Building from converging literatures demon-
strating that multiple organ systems implicated in mitochondrial disease
symptomatology are regulated by stress hormones released in response
to psychological stress (Bodine and Furlow, 2015; Tsigos et al., 2020),
and that mitochondrial respiratory capacity is sensitive to stress
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Fig. 1. Survey administered to quantify perceived severity of mitochondrial disease symptoms according to mood. (A) Depiction of the heterogenous clinical di-
agnoses among study participants. (B) The Stress, Health and Emotions Survey (SHES) first asked participants to select the symptoms they have experienced in the
past year. Next, participants indicated on a 7-point Likert scale ranging from from “much worse” to “much better” the extent to which each symptom differs on days
marked by feelings of happiness and calmness (good days), and how the same symptom differs on days marked by feelings of stress and sadness (bad days). (C)
Percentage of sample population (n = 70) reporting each symptom. Fatigue (82.4 %), muscle weakness (73.0 %), and pain (73.0 %) were most prevalent. (D)
Difference in perceived symptoms severity computed as a score reflecting the average across all participants for each symptom. Datapoints far away from the dotted
line (null hypothesiS' no difference) are symptoms perceived to be more strongly to related to mood, in either direction. Bar in violin plots represent the mean of all

symptoms. **

hormones and mood (Picard and McEwen, 2018; Picard et al., 2018;
Psarra and Sekeris, 2011), mood emerges as a potential modifier of
mitochondrial disease pathophysiology.

The results from the SHES survey suggest some rather specific mood-
symptom associations. Some symptoms were consistently ranked as
unchanging or stable across good and bad emotional days. This includes
hearing problems, diminished sweating, jerky muscle movements,
arrhythmia, and vision problems. The majority of these symptoms are
possibly more directly caused by fixed structural lesions, such as vision
that can be impaired by optic neuropathy or pigmentary retinopathy
(Zeviani and Carelli, 2021). In contrast, some symptoms were ranked as
more variable including fatigue, depression, brain fog, fine motor co-
ordination, ataxia, and gastrointestinal symptoms. Some symptoms, like
exercise intolerance, were ranked as worse on bad days, but among some
clinical groups, not significantly different on good ones. Unsurprisingly,
the subjective symptoms such as pain and anxiety were both reported to
be better on good days, and worse on days when participants felt
stressed or sad. If we interpret these same results while assuming the
opposite causal direction (i.e., symptom severity affecting mood and the
perception of days as good or bad), these results mean that most patients
feel that good days are ones with less pain, while bad days are ones
where they are exhausted and more anxious.

Previous work indicates that patients with mitochondrial would like
their physician to pay attention to the emotional aspects of living with
their disease (Zilber and Yeske, 2020), including asking how they are
doing during appointments (Valverde et al., 2022). In one qualitative
study, a participant voiced that, in her two decades of being diagnosed

* p < 0.0001, one-sample t test against null hypothesis (y = 0, no difference).

with mitochondrial disease, the research interview was the first time she
had been asked questions about her emotions (Valverde et al., 2022).
This common gap in attention to the emotional aspects of disease ex-
periences may be particularly important as the aspects of mitochondrial
disease that physicians expect to be most burdensome often do not line
up with the experiences of patients or their family members (Koene
et al., 2013). When some mitochondrial disease patients were asked
what metrics they most want to improve, mental health — which relates
closely to one’s mood — was the second most commonly endorsed
answer, after only energy level (Karaa et al., 2019). The diagnostic and
prognostic uncertainty of mitochondrial diseases alone can be distress-
ing, as can living with symptoms that unpredictably limit what one can
do in a day (Valverde et al., 2022). Additionally, 33 % of patients re-
ported that their mental health was negatively impacted by the limita-
tions they faced with their healthcare provider (Karaa et al., 2019). This
body of work indicates an unmet need to address the psychological as-
pects of living with mitochondrial diseases. Thus, in addition to
improving well-being and patient satisfaction, if the results of this sur-
vey are validated in future research, addressing the psychological needs
of patients could possibly contribute to improving the clinical man-
agement of symptoms in individuals living with mitochondrial diseases.

In our survey, several participants used the open comment section to
share their thoughts on the stress-disease connection in mitochondrial
diseases. Some participants stated their mood directly influenced their
symptom severity, while others said it did not. Others shared that this
connection may only be relevant for a period of a person’s life (e.g.,
during a major stressor). One participant indicated that their disease was
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Fig. 2. Participant-rated difference in perceived symptom severity based on good or bad emotional days. Mean difference in symptom severity compared to a normal
day when having a “bad” emotional days (stress, sad and other negative feelings), and the corresponding score for “good” days (happy, calm and other positive
feelings). The number of participants endorsing each symptom (n) is shown on the right. Datapoints are mean change score with 99% confidence interval across all
participants. See Supplemental Fig. S1 for details by symptom, including datapoints for each participant.

triggered by a well-defined period of intense stress, whereas others
stated their mitochondrial disease symptoms and moods are entirely
independent of each other. This heterogeneity in perspectives aligns
well with the range of responses to our main mood-symptom question,
as well as with previous findings that research questions about stress/
mental health in mitochondrial disease research are polarizing, with
some patients viewing it as essential and some as irrelevant (Thomas
et al., 2022). Moreover, some participants noted that the SHES survey
simply could not capture how they experience their symptoms and mood
interacting. One participant described their symptom severity as a
moving target as their disease changes over time. This point highlights
the dynamic nature of clinical conditions, despite the relative fixity of
gene defects over time periods of days to months. Participants also
pointed out the failure of SHES to inquire about coping strategies,
financial barriers to care, and other social determinants of health
(SDOH). Future research should try to capture the material reality of
participants and the active strategies they are using to live with their
conditions. Future research would gain from using mixed-methods de-
signs — combining both quantitative assessments of symptoms and qual-
itative information about patients’ individual experiences — that better
capture the richness of physical and emotional experiences.

This study has several limitations. First, while we do not expect the
main findings to apply uniquely to mitochondrial diseases, the sole in-
clusion of individuals with mitochondrial diseases does not allow to
assess the generalizability and/or specificity of our findings across
diverse medical conditions. Second, the SHES retrospective design rely
on recall and is therefore necessarily associated with recall bias
(Ottenstein and Lischetzke (2020); Ready et al., 2005; Sato and

Kawahara, 2011; Van den Bergh and Walentynowicz, 2016). Third, our
survey cannot speak to the directionality of the association between
mood and symptom severity. The SHES survey explicitly asked partici-
pants to rank how their symptoms differed on good or bad days, pre-
supposing that days are good or bad independent of symptoms and any
resulting limitations on daily activity — an assumption some participants
noted was inaccurate. Fourth, given the challenges and costs of formal
diagnosis (Grier et al., 2018), to maximize inclusivity in SHES mito-
chondrial disease was only self-reported, increasing the probability that
some SHES participants have not received formal genetic confirmation
of their condition. Although more difficult to implement at scale, stricter
inclusion criteria based on formal diagnosis and genetic testing would
add robustness to future studies. Fifth, the self-reported nature of certain
quantifiable symptoms such as arrhythmia, orthostatic hypotension, and
blood sugar may limit the accuracy of these data; future studies should
consider incorporating clinically-assessed signs and symptoms to com-
plement self-reports. Finally, although the range of symptoms, age, and
clinical diagnoses match those of larger cohorts (Barca et al., 2020) and
the reported effect sizes for multiple symptoms are large and statistically
significant, the sample size of the SHES cohort is relatively small and
findings should be considered preliminary.

Establishing psychobiological modifiers of mitochondrial diseases
requires several sequential pieces of evidence. A survey such as SHES is
the first and weakest piece of evidence. These preliminary results now
call for studies using specific operationalizations of psychological and
biological stress markers. Experimental laboratory stress paradigms
similar to that used in the Mitochondrial Stress, Brain Imaging and
Epigenetics (MiSBIE) study (Kelly et al., 2024) can be used to elicit and
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provide more precise quantification of the psychobiological reactivity
and recovery to challenges (Kirschbaum et al., 1993). Measures of cu-
mulative stress, such as allostatic load (Bobba-Albes et al., 2022) or
possibly epigenetic clocks (Kabacik et al., 2022), also could be used to
quantify the biological toll of chronic stress across organ systems.
Combined, these approaches would help to delineate how psychological
experiences may ‘get under the skin’ and contribute to the course of
neuromuscular disorders. Identifying the contributions of biologically
plausible endocrine, metabolic, immune, or other pathways will also be
important to delineate possible disease modifying psychobiological
pathways (Kelly et al., 2024). In parallel, the reciprocal connection be-
tween mood and symptoms may be better mapped by qualitative
methods. Thus, these initial results call for prospective, mixed-methods
research using repeated sampling to quantifiably define the interaction
between psychosocial factors and neurometabolic processes linked to
mitochondrial biology and symptomatology. Future research including
cross-validation efforts in other clinical populations would further
contribute to establish the specificity of potential disease-modifying
psychobiological processes. This research could reveal modifiable
drivers of disease risk, and perhaps identify factors that confer resilience
among certain patients with mitochondrial diseases.
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