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Abstract
Objectives  Given the rapid increase in population ageing and considering the great impact that mental disorders have on 
global disability, there is a critical need for mental health promotion in older adults. Mindfulness-based interventions (MBIs) 
have been widely used to improve mental health. However, a comprehensive understanding of their neurobiological effects 
is still missing. We therefore conducted a systematic review of controlled clinical trials evaluating the effects of MBIs on 
the physiological markers of stress in older adults.
Method  A systematic literature search was conducted in five electronic databases and the ClinicalTrials.gov registry. 
Controlled trials of mindfulness-based stress reduction or mindfulness-based cognitive therapy programs for older adults 
measuring any physiological outcome were identified. The combined p-value analysis, following the Synthesis Without 
Meta-analysis reporting guidelines, was used for data synthesis. A sensitivity analysis and subgroup analysis by the study 
population were also conducted.
Results  Based on 22 eligible studies, the synthesis shows a positive effect of MBIs on 43 physiological outcomes grouped 
by five stress-related systems, i.e., brain circuits and signalling (combined p-value < 0.001), the sympathetic-adrenomedullar 
axis (combined p-value = 0.004), the hypothalamus-pituitary-adrenal axis (combined p-value = 0.011), the immune system 
(combined p-value = 0.037), and gene expression and epigenetic mediators (combined p-value < 0.001). The effects on brain 
circuits and signalling were noticeable in both clinical and community populations.
Conclusions  These findings preliminarily support the influence of MBIs on pathophysiological pathways related to chronic 
stress at a system level. Limitations of the included studies (e.g., outcome heterogeneity, small sample size, concern for risk 
of bias) and future perspectives are discussed.
Preregistration  A protocol of this systematic review was registered with PROSPERO (Registration No. CRD42023390236).

Keywords  Mindfulness-based stress reduction · Mindfulness-based cognitive therapy · Chronic stress · Biomarkers · 
Physiological outcomes
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The general population has aged considerably in recent years 
(World Health Organization, 2022). Although life expec-
tancy is continuously increasing, the disability burden on 
older adults remains persistent (GBD 2019 Ageing Col-
laborators, 2022). Age-related biological processes, such as 
the gradual accumulation of molecular and cellular damage 
and accompanying physiological changes in multiple body 
systems (e.g., musculoskeletal, sensory, and neurological), 
place older adults at increased risk of chronic diseases and 
functional loss (Kirkwood, 2008). In addition, stressful 
life events (e.g., retirement, relocation, loss of loved ones, 
social isolation, loss of independence) and related affective 
disorders (e.g., depression, anxiety) are more prevalent in 
older adults than in younger adults (Luo et al., 2023; World 
Health Organization, 2023). Chronic stress has also been 
associated with an increased risk of mental health disorders, 
such as dementia and depression (Tafet & Nemeroff, 2016; 
Wallensten et al., 2023). Notably, the 2015 World Report on 
Ageing and Health recommends an improved alignment of 
health promotion strategies to the older population based on 
an integrated person-centred model of care that takes into 
account the unique physiological and psychological chal-
lenges encountered by older adults (Beard et al., 2016).

Mental disorders account for 10.6% of total disabilities 
(World Health Organization, 2023). Therefore, interven-
tions that are able to enhance mental health are considered 
part of public health strategies to lower the overall disabil-
ity burden (Leggett & Zarit, 2014) and promote healthy 
ageing (World Health Organization, 2023). Interventions 
that act at multiple psychological and cognitive levels may 
be valuable for stress reduction and promotion of mental 
health in older adults. Specifically, interventions aimed at 
cultivating mindfulness lead to a shift in the perspective 
of life experiences, referred to as “reperceiving” (Kriakous 
et al., 2021). This new skill enables practitioners to reduce 
the power of “habitual or automatic stress reactions”, 
by employing more adaptive stress coping mechanisms 
(Brown & Ryan, 2003; Brown et al., 2012; Kriakous et al., 
2021). Mindfulness-Based Stress Reduction (MBSR) is 
the most common and widely studied mindfulness-based 
intervention (MBI) (Kabat-Zinn, 2003). It consists of a 
standardised 8-week group program in which mindful-
ness is trained via both formal and informal practices. 
Another well-investigated MBI is Mindfulness-Based 
Cognitive Therapy (MBCT) (Segal et al., 2002), which 
was developed to prevent the relapse of major depression 
by integrating aspects of cognitive-behavioural therapy for 
depression into the MBSR programme. MBIs have shown 
preliminary evidence of beneficial effects on depression, 
anxiety, rumination, well-being, worry, cognitive function, 
stress perception, and sleep quality in clinical and nonclin-
ical samples of older adults (Chiesa & Serretti,2009; Gei-
ger et al., 2016; Tomlinson et al., 2018; Hazlett-Stevens 

et  al., 2019; González-Martín et  al., 2023). However, 
the size of the observed effects is typically only small or 
small-to-moderate.

The measurement of physiological outcomes might rep-
resent a useful addition to the overall understanding of the 
effects of MBIs and might shed new light on the interplay 
between physiological changes and clinical effectiveness. 
The biological pathways underlying MBIs are not well 
understood. However, modulation of the function of the 
stress system may be involved (Creswell et al., 2019; Taylor 
et al., 2010). The stress system controls responses to stress-
ful stimuli by activating a complex neuroendocrine-immune 
response that involves the sympathetic-adrenomedullar 
(SAM) axis, the hypothalamus-pituitary-adrenal (HPA) axis, 
the immune system, and the brain regions associated with 
stress processing (Godoy et al., 2018). This response is adap-
tive to cope with physical or psychological stimuli that dis-
rupt the body’s homeostasis. However, prolonged exposure 
to stressors requires continual adjustment of these physi-
ological pathways, which leads to maladaptation, allostatic 
overload and poor health outcomes (Juster et al., 2010). 
In addition, chronic stress induces long-lasting changes in 
stress system regulation through epigenetic mechanisms 
(Dion et al., 2022).

The effect of MBIs on the stress system has been sug-
gested by systematic reviews showing a positive effect of 
MBIs on brain structure and function (Fox et al., 2016; 
Gotink et al., 2016; Lomas et al., 2015; Pernet et al., 2021; 
Sezer et al., 2022; Young et al., 2018), the autonomic system 
(Geiger et al., 2023), endocrine secretion (Rogerson et al., 
2024; Sanada et al., 2016), the immune system (Black & 
Slavich, 2016; Dunn & Dimolareva, 2022; Sanada et al., 
2020), and gene expression (Buric et al., 2017). Although 
these systematic reviews contributed to elucidating the neu-
robiological substrates of MBIs, they focused on individual 
biological systems taken as isolated systems. A compre-
hensive approach that addresses the complexity of stress 
response mechanisms (i.e., brain circuits and their interac-
tion with peripheral neuroendocrine-immune mediators) in 
a systems and integrative perspective may be more appro-
priate. A few reviews have attempted to review the litera-
ture by adopting a similar approach. Three meta-analyses 
focused on peripheral markers of stress, revealing an effect 
of mindfulness meditation on physiological outcomes at the 
autonomic, endocrine, and immune levels (Grasmann et al., 
2023; Heckenberg et al., 2018; Pascoe et al., 2017); however, 
they did not address brain pathways associated with stress 
processing. To the best of our knowledge, only one system-
atic review embraced a whole-system approach, showing 
that MBSR has an effect on 14 biological markers, which 
can be traced back to stress markers of allostatic load at 
multiple brain, immune, inflammatory, and autonomic levels 
(Reive, 2019).
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As a further shortcoming in the field, many of the afore-
mentioned reviews have examined the physiological effects 
of a broad range of meditative approaches (e.g., mind-body 
therapies, open monitoring, self-transcending, mantra reci-
tation, compassion meditation, and yoga), which increases 
the potential of confounders on outcome measurement (Van 
Dam et al., 2018). A focus on MBSR and MBCT, which are 
standardised interventions in terms of duration, course con-
tent and home practice, can overcome this variability. Nota-
bly, the reviews that assessed MBSR or MBCT were carried 
out in mixed populations of both younger and older adults. 
However, the ageing process can affect the adaptive stress 
response through changes in the endocrine, autonomic, and 
immune systems (Lavretsky & Newhouse, 2012). Therefore, 
the body’s ability to respond to stressors may be reduced 
with increasing age, which can lead to increased biological 
vulnerability to even mild stressors and a limited capacity 
for recovery (Maragkakis et al., 2023). As a consequence, 
the physiological mechanisms of MBIs in older adults may 
differ from those in younger adults. The growing scientific 
evidence that links meditation to reduced ageing-related 
processes (Kurth et al., 2017) suggests that studying the 
physiological mechanisms through which MBI effects may 
be mediated in older individuals may be valuable.

Hence, we provided a comprehensive overview of the 
effects of MBIs (i.e., MBSR or MBCT) on physiological 
markers of stress in older adults. We applied the theory of 
change to describe how MBIs were expected to influence 
physiological markers on the basis of key pathophysiological 
pathways associated with chronic stress (Fig. 1). We subse-
quently tested whether this theory of change was empiri-
cally supported by clinical trials examining the physiological 
effects of MBIs in older adults.

Method

We followed the recommendations of the Cochrane Hand-
book for Systematic Reviews of Interventions (Higgins 
& Green, 2019) and PRISMA guidelines (Liberati et al., 
2009). The protocol was preregistered on PROSPERO 
(CRD42023390236). The PICOD framework allowed us 
to outline the target group of participants (population), the 
specific intervention being studied (intervention), the control 
group or comparator (comparison), the types of outcomes 
that were of interest (outcome), and the types of study design 
(design).

Search Strategy and Selection Criteria

We searched the PubMed, Scopus, Web of Science (via 
Clarivate Analytics), CINAHL and Psycinfo (via EBSCO) 
databases, and the ClinicalTrials.gov registry from 

inception to January 23, 2023. The search strategy for each 
database followed an iterative process to ensure sensitiv-
ity. According to the PICOD framework, three domains 
(“mindfulness”; “biomarkers”; “study design”) were 
defined by combining Medical Subject Heading terms 
and keywords using the Boolean operator “or”; the three 
domains were combined with “and”; records were filtered 
for language (English). Grey literature was not searched 
due to methodological challenges, including few reposi-
tories, no standardised methods for searching, low yield 
in terms of the search results, and potentially high risk 
of bias (Adams et al., 2016; Benzies et al., 2006). Sev-
eral tests were run to ensure the best sensitivity. The full 
search strategies are shown in Online Resource 1. Manual 
searches of references from review articles and included 
papers complemented the electronic searches. All retrieved 
records were exported locally and managed by using the 
EndNote™ X8 software.

We included studies that met the following inclusion 
criteria: (i) population: older adults (aged ≥ 60  years) 
regardless of health status (i.e., both patients and com-
munity-dwelling persons were eligible); (ii) intervention: 
MBSR or MBCT programs delivered in person according 
to a standardised curriculum or adapted in content and/or 
length for specific populations; adapted protocols had to 
report reference to the standard curriculum and describe 
the specific adaptations; (iii) comparator: any type of 
active or inactive comparator; (iv) outcome: any type 
of physiological marker; and (v) design: randomised or 
non-randomised clinical trial, with a pre-post intervention 
design. The exclusion criteria were as follows: (i) stud-
ies written in non-English languages or not peer-reviewed 
(i.e., dissertations, theses) or published in journals without 
peer review, (ii) study protocols, and (iii) personal com-
munications. With respect to the cut-off for age, no univer-
sally accepted criterion for defining older people exists: a 
cut-off of over 60 or 65 years is often used (Shenkin et al., 
2017). As chronic stress may accelerate biological ageing 
(Polsky et al., 2022), we adopted a less stringent threshold 
of 60 years.

Title, abstract, and full-text screenings were carried out 
on Rayyan (Ouzzani et al., 2016). The screening team (SG, 
EG, CG, and CSS) conducted dual and independent screen-
ing at the title, abstract, and full-text levels. Specifically, 
titles and abstracts were independently screened by EG and 
CG. If the data reported in the title/abstract were not enough 
to determine eligibility, the record was moved to the next eli-
gibility phase. Full-text manuscripts of eligible studies were 
screened by the entire screening team. Any disagreements 
were resolved by consensus discussion and by consulting an 
external reviewer (CC), when necessary. If multiple articles 
reported different physiological outcomes from the same 
study sample, each was considered a separate study.
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Data Extraction

Data were extracted independently by SG and CSS into a 
piloted spreadsheet in duplicate. Any disagreements were 
resolved by discussion and consensus. We extracted the 
following data: (i) characteristics of the study participants, 
including age, education, sex, diagnosis, inclusion and 

exclusion criteria, and sample size. The study population 
was coded as “clinical” if the study included participants 
who had a clinical diagnosis according to standardised cri-
teria, or “community” otherwise; (ii) type of intervention 
(i.e., MBSR, MBCT, or adapted MBSR/MBCT), including 
the number and frequency of training sessions; (iii) type of 
control (i.e., inactive, if studies utilised waitlist or treatment 

Fig. 1   Logic model illustrating the theory of change on how chronic 
stress can act as a mediating mechanism between mindfulness-based 
interventions and physiological outcomes. Mindfulness-based inter-
ventions: MBSR/MBCT can have an impact on the stress system by 
either top-down or bottom-up components (Chambers et  al., 2009; 
Chiesa et  al., 2013; Hölzel et  al., 2011; Sipe & Eisendrath, 2012; 
Taylor et  al., 2010). Top-down components are those initiated via 
mental processing, with an impact at the brain circuits and signal-
ling level. Bottom-up components are those initiated via sensory or 
visceral processes, with an impact at the periphery level. Top-down 
and bottom-up components are closely interconnected and MBSR/
MBCT involve a combination of both mechanisms. Chronic stress 
mechanisms: chronic stress mechanisms were defined a priori by the 
authors following the identification of pathophysiological pathways 
considered key mechanisms in the literature (Juster et al., 2010; Dra-
gos & Tănăsescu, 2010; Tang et al., 2015; Godoy et al., 2018; Sch-
neider & Schwerdtfeger, 2020; Bainomugisa & Mehta, 2022; Lenart-
Bugla et al., 2022; Dee et al., 2023; Tong et al., 2023; Cardoner et al., 
2024). Five stress systems were identified (i.e., brain circuits and 
signalling, SAM axis, HPA axis, immune system, and gene expres-
sion and epigenetic mediators). While they are depicted as separate 
boxes for illustrative purpose, they reciprocally interact in a bidi-

rectional communication (see arrow). Stress physiological mark-
ers: the definition of chronic stress mechanisms allowed the identi-
fication of stress markers that can be regarded as the physiological 
outcomes of MBSR/MBCT interventions. Thin arrows within each 
box indicated the plausible effect direction of intervention, which is 
hypothesized to counteract chronic stress mechanisms. Clinical out-
comes: physiological changes can be associated with clinical out-
comes; this relationship was not examined in this review (dotted box). 
ACTH, adrenocorticotropic hormone; BDNF, brain-derived neuro-
trophic factor; BP, blood pressure; CEN, central executive network; 
CRH, corticotropin-releasing hormone; CRP, C-reactive protein; 
DHEA, dehydroepiandrosterone sulfate; DMN, default mode net-
work; DNMT, DNA methyltransferase gene; DNA, deoxyribonucleic 
acid; HPA, hypothalamus-pituitary-adrenal; FKBP5, glucocorticoid 
receptor regulator gene; HR, heart rate; HRV, heart rate variability; 
IL, interleukin; MBSR, mindfulness-based stress reduction; MBCT, 
mindfulness-based cognitive therapy; miRNA, micro-ribonucleic 
acid; NFkB, nuclear factor kappa-light-chain-enhancer of activated 
B cells; NR3C1, glucocorticoid receptor gene; NR3C2, mineralocor-
ticoid receptor gene; OXTR, oxytocin receptor gene; PFC, prefrontal 
cortex; SAM, sympathetic-adrenomedullar; SLC6A4, serotonin trans-
porter gene; TNF, tumor necrosis factor
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as usual, or active); (iv) type of physiological outcome meas-
ure, including the instrumental exam or biological matrix 
used for measurement, the type or method of measurement, 
the number of participants in the intervention group for 
whom the physiological outcome was measured, measure-
ment timepoints, physiological findings as reported in the 
study, p-values of statistical models used to assess the effect 
of the intervention, and effect direction, as reported in the 
study. If multiple physiological outcomes were reported 
in the same study, data were extracted separately for each 
outcome.

Quality Assessment

Study quality was assessed independently by EG and CG 
using the Revised Cochrane Risk of Bias (RoB 2) tool 
(Sterne et al., 2019), separately for parallel and cross-over 
design studies. Any disagreements were resolved by consen-
sus discussion. A third reviewer (SG) was consulted when 
necessary. The tool implements signalling questions for 
five domains: the randomisation process, deviations from 
the intended interventions (e.g., “intention-to-treat” effect), 
missing outcome data, outcome measurement, and selec-
tion of the reported results. An overall rating of low/high/
medium concern for risk of bias was assigned.

Data Synthesis

Considering the heterogeneity of outcomes and the different 
statistical models tested, meta-analysis of effect estimates 
was not possible. We then used an alternative synthesis 
method following the Synthesis Without Meta-analysis 
reporting guidelines (Campbell et al., 2020).

First, we accounted for outcome heterogeneity by out-
come grouping. Physiological outcomes were grouped 
according to the five biological systems that were recognised 
in the literature as the key pathophysiological pathways 
associated with chronic stress: brain circuits and signal-
ling, the SAM axis, the HPA axis, the immune system, gene 
expression and epigenetic mediators. The outline is shown 
in the logic model (Fig. 1). Within the brain circuits and 
signalling system, we sub-grouped physiological outcomes 
by brain structure or function. Within the SAM axis, we sub-
grouped physiological outcomes by autonomic or metabolic 
functional domains. The physiological outcomes that were 
not outlined in the logic model were included in the system 
most relevant to its physiological significance.

Second, we quantified the effects of the intervention by 
combined p-value analysis (Becker, 1994; McKenzie & 
Brennan, 2023). The method allowed us to synthetise the 

intervention effects of studies that reported at least p-values 
and directions of effects. To increase the methodological 
robustness of our quantitative synthesis, we included only the 
outcomes for which the exact p-value of the time × interven-
tion interaction at pre-post MBIs was available. This analysis 
allowed us to answer the following main question: “Is there 
evidence of a positive effect of MBIs compared with the con-
trol in at least one physiological outcome involved in the stress 
system?” Two-sided p-values were transformed into one-sided 
p-values according to the effect direction. A positive effect 
indicated a significant effect of MBI vs. the control on the 
physiological outcome. Conversely, a negative effect indicated 
a significant effect of the control vs. the MBI. Fisher’s method 
was used to compute the combined p-values by the stress sys-
tem via the “metap” R package, v 1.9 (Cinar & Viechtbauer, 
2022). A minimum of three outcomes was needed to derive a 
combined p-value (McKenzie & Brennan, 2023).

To assess the robustness of the results obtained via Fisher’s 
method, we conducted a sensitivity analysis using Stouffer’s 
weighted Z-method (Whitlock, 2005). Stouffer’s method 
allows weighting by the study size, thereby accounting for the 
relative contribution of each study to the overall signal. Spe-
cifically, we assigned weights on the basis of the square root 
of the sample size for each included study and computed a 
combined Z score, which was then converted to a p-value. This 
approach is particularly useful when the precision of p-values 
varies across studies, as it can reduce the influence of small 
studies with extreme results.

A subgroup analysis was used to examine whether the study 
population (i.e., clinical vs. community) moderated the results 
of the combined p-value analysis by the stress-related system. 
Thus, we divided the physiological outcomes by study popu-
lation and stress-related system and computed the combined 
p-values, if the minimum requirement of three outcomes per 
subgroup was satisfied.

An albatross plot (Harrison et al., 2017) was used to visu-
alise the p-value and effect direction (on the x-axis) against 
sample size (on the y-axis) for a given outcome by the stress-
related system. Contour lines were drawn on the plot, repre-
senting an approximation of the standardised effect size (i.e., 
standardised mean difference) for a given p-value and sample 
size. Values of 0.20, 0.50, and 0.80 were indicative of small, 
medium, and large effect sizes, respectively (Cohen, 1988). 
The outcomes indicative of positive effects (i.e., in favour of 
MBIs) appear at the right of the plot, with null effects towards 
the middle and negative effects (i.e., in favour of controls) 
at the left of the plot. The “null” effect area (p-value = 1) is 
included between the contour lines representing the ± 0.20 val-
ues. All analyses were performed using R Statistical Software, 
v4.3.2 (R Core Team, 2023).
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Results

Study Selection

A total of 7773 records were initially identified from 
databases, and 2001 were identified from clinicaltri-
als.gov. After duplicate exclusion (2827 records), 6947 
records were identified from the title and abstract screen-
ing. Five hundred thirty-eight full texts were assessed, 
of which 20 met the inclusion criteria. Two additional 
records that met the inclusion criteria were identified 
from citation searches, resulting in a total of 22 papers 
(Fig. 2).

Study Characteristics

Information from the individual studies is shown in Table 1. 
The sample size of each study ranged from 20 to 585 par-
ticipants (median 60). The mean age of the included par-
ticipants ranged from 67 to 79 years. The mean proportion 
of female participants was 70%. Twelve studies (55%) (# 1; 
3; 5–8; 10; 14; 18; 20–22) enrolled participants from the 
general community. Ten studies (45%) (# 2; 4; 9; 11–13; 
15–17; 19) enrolled participants from clinical populations. 
The majority (n = 9) included outpatients with a diagnosis 
of psychiatric (n = 4) (# 2; 4; 17; 19) or cognitive (n = 5) (# 
9; 11; 13; 15–16) disorders. One study included inpatients 
with type 2 diabetes (# 12).

Fig. 2   PRISMA flow diagram
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Seven studies (32%) used the standard curriculum of 
MBSR (n = 6) (# 1; 3; 5; 8; 14; 21) or MBCT (n = 1) (# 
4), whereas 15 studies (68%) used adapted MBSR (n = 12) 
(# 9–13; 15–20; 22) or adapted MBCT (n = 3) (# 2; 6–7) 
programs. In adapted MBSR/MBCT, typical adaptations 
include shortening the duration of sessions, reducing the 
number of sessions or omitting the retreat day, adapting the 
psychoeducational content on the basis of the target popula-
tion, or adapting the mindful movement for participants with 
reduced mobility. The most active comparators (n = 14, 64%) 
were health education programs that consisted of health talks 
encompassing general topics (e.g., diet, sleep, exercise) and/
or topics pertinent to common medical conditions (hyper-
tension, diabetes, depression, dementia). One study used a 
cognitive fitness training program based on puzzle solving. 
All the active comparators were designed to match the time 
frame and attention received by the intervention group. The 
inactive comparator was treatment as usual (n = 4) or wait-
ing list (n = 3).

Quality Assessment

A summary of the risk of bias assessment and details for 
individual studies is provided in Online Resource 2. The 
overall rating was indicative of medium concern for risk of 
bias in 14 studies (64%) (# 2; 4–6; 10–13; 16–18; 20–22), 
high risk in one study (# 7), and low risk in the remaining 
seven studies (# 1; 3; 8–9; 14–15; 19).

Synthesis of Results

An overview of the physiological outcomes grouped by the 
stress-related system is provided in Table 2. The physiologi-
cal outcomes that contributed to the quantitative synthesis. 
They are numbered to be identified in the albatross plots. It 
follows the list of outcomes that did not contribute to data 
synthesis, with the reason for exclusion. A brief description 
of the physiological findings is provided for all the outcomes 
(see Table 2 for details).

Figure 3 shows the albatross plots for the stress-related 
system. Overall, more than half (24 out of 43) of the data 
points were rightward distributed, indicating that the physi-
ological outcomes conveyed a positive effect of MBIs on the 
stress system. A third of the physiological outcomes (14 out 
of 43) were related to brain circuits and signalling, indicat-
ing that this stress-related system was a key target for exam-
ining the physiological effects of MBIs in older adults. The 
data points were scattered across the y-axis, indicating great 
heterogeneity in terms of sample size, ranging from 14 (# 
20) to 542 (# 1) participants. The p-value analysis revealed 
a significant positive effect of MBIs on brain circuits and 
signalling (combined p-value < 0.001, n = 14 physiological 

outcomes, n = 10 studies), and the estimated effect size 
ranged from low to medium.

Concerning the number of outcomes, the HPA axis and 
the immune system were the least studied—only four phys-
iological outcomes for each one. The sample size ranged 
from 55 (# 15) to 182 (# 3; 8). Quantitative data synthesis 
revealed a significant positive effect of MBIs on both stress-
related systems: the combined p-values were p = 0.011 for 
the HPA axis (n = 4 physiological outcomes, n = 3 studies) 
and p = 0.037 for the immune system (n = 4 physiological 
outcomes, n = 2 studies). The physiological outcomes fell 
between the standardised mean difference contours of 0.20 
and 0.50, indicating a small effect size.

The number of physiological outcomes included in the 
SAM axis and gene expression and epigenetic mediators 
was quite large (n = 8 and n = 13, respectively); however, 
the outcomes came from a relatively low number of studies 
(n = 3 and n = 2, respectively). For these stress-related sys-
tems, the combined p-value analysis was significant as well 
(p = 0.004 for the SAM axis and p < 0.001 for gene expres-
sion and epigenetic mediators). The estimated effect size was 
medium to high, but the sample size was very small (n < 40). 
Furthermore, it should be noted that the quality assessment 
was indicative of a high risk of bias for one of the two stud-
ies that examined gene expression and epigenetic mediators 
due to a non-randomised design.

Sensitivity analysis revealed that the effect of MBIs on 
stress-related systems remained significant when Stouffer’s 
method was used (see Online Resource 3). The minimum 
number of outcomes needed for the subgroup analysis 
was available only for brain circuits and signalling. The 
results revealed a significant positive effect of MBIs in 
both the clinical (combined p-value < 0.001, n = 7 physio-
logical outcomes, n = 6 studies) and community (combined 
p-value = 0.002, n = 7 physiological outcomes, n = 4 studies) 
populations (see the albatross plots in Online Resource 3).

Discussion

In this review, we examined the effects of MBIs on physi-
ological markers related to the stress system in older adults. 
Quantitative data synthesis revealed that MBIs have a physi-
ological influence on brain circuits and signalling, the SAM 
axis, the HPA axis, the immune system, gene expression 
and epigenetic mediators. The effects on brain circuits and 
signalling were noticeable in both clinical and community 
populations.

We acknowledge that the findings from this systematic 
review should be considered preliminary. The large hetero-
geneity of physiological outcomes may have caused con-
founding effects of MBIs. We accounted for this heteroge-
neity by grouping physiological outcomes by stress-related 
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systems; however, the variety of outcomes was apparent 
within each system. This was an inevitable shortcoming 
inherent to the scope of this review. With respect to the 
use of the combining the p-value method to our data, the 
exclusion from the analysis of some outcomes for which 
an appropriate p-value was not available may have been a 
further confounding factor, particularly when the outcome 
indicated no intervention effect. However, this method did 
not account for missing data. A further intrinsic limitation 
was that the analysis did not distinguish between evidence 
from large studies with small effects and small studies with 
large effects. For example, the finding of positive effects of 
MBIs on the SAM axis should be considered exploratory 
because it came from only two studies with small sample 
sizes. Methodological shortcomings may also be derived 
from the weaknesses of the included studies. In the case of 
gene expression and epigenetic mediators, the significance 
of quantitative analysis relied on a single study for which 
a high risk of bias (i.e., a non-randomised trial) emerged.

The effects of MBIs on brain circuits in older adults are in 
line with systematic reviews in younger adults that demon-
strated the ability of MBIs to modulate brain function, i.e., 
resting-state (Gotink et al., 2016; Pernet et al., 2021; Sezer 
et al., 2022; Young et al., 2018) and task-related (Gotink 
et al., 2016; Young et al., 2018) functional connectivity, 
and brain structure (Gotink et al., 2016; Pernet et al., 2021). 

However, a major caveat that emerged from this review 
and the literature was the heterogeneity of outcomes and 
results. MBI modulation effects were observed in a wide 
variety of brain regions (prefrontal cortex, cingulate cortex, 
hippocampus, insula, amygdala, caudate nucleus, and pre-
cuneus were the most commonly studied), and subregions 
(e.g., ventrolateral, dorsolateral, or dorsomedial prefrontal 
cortex). In addition, the findings often conflicted. For exam-
ple, increased or decreased activation or connectivity was 
found in the same brain region or network (Young et al., 
2018). Methodological factors can explain this heterogene-
ity. First, imaging methods and analyses were quite different 
(e.g., resting-state vs. task-fMRI, region of interest vs. whole 
brain analysis, and different image preprocessing steps and 
algorithms). Second, the rationale for choosing outcomes 
differed: some studies focused on brain areas drawn from 
traditional meditation studies, whereas others focused on 
brain regions related to the clinical conditions of the target 
population. Starting from our conceptualisation of chronic 
stress as a possible mediator of MBIs, we suggest that future 
neuroimaging studies should examine brain areas associated 
with stressor processing. This can represent a valuable way 
to increase the consistency of findings in future studies.

The heterogeneity of outcomes and results also charac-
terised the immune system. Our finding indicating a positive 
effect of MBIs in older adults was based on IL-6, C-reactive 

Fig. 3   Albatross plots for the physiological effects of mindfulness-
based interventions compared to controls by stress-related biological 
system. Each circle represents a physiological outcome. For each out-

come, the p-value and effect direction (on the x-axis) against the sam-
ple size (on the y-axis) are plotted. The light grey numbers identify 
the physiological outcomes in Table 2
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protein, and IL-1β. These results were in line with those 
of a recent meta-analysis of 48 studies showing an effect 
of MBIs on reducing C-reactive protein and IL-6 levels 
and increasing the number of CD4+ cells (Dunn & Dimo-
lareva,2022). Nevertheless, previous systematic reviews and 
meta-analyses reported mixed results, depending on which 
biomarkers they focused on (e.g., circulating cytokines and 
chemokines, immune cell count, antibody response) (Black 
& Slavich, 2016; Sanada et al., 2020). The recommendations 
suggested by the authors of the first systematic review on 
this topic are still valuable—to provide a clear rationale for 
studying one or more immune biomarkers and to calibrate 
tests for changes in immune parameters a priori to avoid 
false-negative results (Black & Slavich, 2016).

Methodologic issues characterised the measurement of 
a well-recognised chronic stress marker belonging to the 
HPA axis—cortisol. Previous systematic reviews and meta-
analyses have shown beneficial effects of MBIs on cortisol, 
with effect sizes ranging from moderately low (Sanada et al., 
2016) to medium (Rogerson et al., 2024) and moderate het-
erogeneity in terms of sample and measurement methods 
(Sanada et al., 2016). This heterogeneity was well exempli-
fied by the studies included in this review: salivary cortisol 
was measured either as a peak (i.e., the higher of two out 
of three values taken at different times during wakening) (# 
19) or as a level (i.e., the value taken at a fixed time frame 
in the morning) (# 15). The use of recommendations for 
cortisol measurement (Segerstrom et al., 2014) can provide 
more reliable and generalizable results. DHEA-s has been 
less studied than cortisol as a physiological outcome of 
MBIs (Jørgensen et al., 2021). As the secretion of DHEA-
s decreases with age (Corona et al., 2013), measurement 
issues (i.e., concentrations lower than the limit of detection) 
could limit its use as an outcome of MBIs in older adults. 
Functional glucocorticoid resistance has also rarely been 
examined, likely because of technical requirements (i.e., 
in vitro assays). These findings warrant further considera-
tion in larger, well-designed studies.

Metabolic outcomes, such as glucose and lipid control 
measures, were commonly examined in patients with type 2 
diabetes. Two recent systematic reviews and meta-analyses 
evaluated the effect of MBIs in reducing glycated haemo-
globin levels in diabetic patients, with contrasting results 
(Fisher et al., 2023; Heo et al., 2023). A study included in 
this review, which showed a positive effect only in patients 
with high glycated haemoglobin levels at baseline (# 12), 
did not contribute to data synthesis for methodological rea-
sons; the role of glycated haemoglobin as a physiological 
outcome of MBIs in older adults requires further evaluation. 
Instead, blood pressure was included in our data synthesis 
and contributed to a positive effect of MBIs on the SAM 
axis. This finding is in line with a recent systematic review 
and meta-analysis showing a positive effect of MBSR in 

reducing systolic and diastolic blood pressure among indi-
viduals with prehypertension or hypertension (Geiger et al., 
2023). Considering the high prevalence of hypertension in 
older adults, further studies are warranted to confirm the 
beneficial effect of MBIs on blood pressure levels.

Exploration of the impact of MBIs on the molecular 
mechanisms of gene expression and epigenetics is still in 
its infancy. This review revealed a positive effect of MBIs 
on gene expression based on two studies: one examined 
the expression of targeted genes involved in chronic stress 
(i.e., NR3C) and inflammation (CRP, MCP1, and IL-1beta) 
responses (# 6), while the other evaluated the expression 
of miRNAs (# 7). To our knowledge, only one system-
atic review has examined this topic (Buric et al., 2017). 
The authors included any type of mind-body intervention 
(mindfulness, yoga, tai chi, qigong, etc.), research design 
(cross-sectional and longitudinal, controlled and uncon-
trolled), or sample (clinical and nonclinical). They retrieved 
18 gene expression studies, from which a general pattern 
of downregulation of proinflammatory genes and pathways 
emerged (Buric et al., 2017). Two more recent narrative 
reviews (Kaliman, 2019; Venditti et al., 2020) reported the 
findings of two studies showing the effects of MBSR on the 
mechanisms of methylation of stress-related genes or histone 
acetylation levels. The methodological challenge of selecting 
appropriate methods for data analysis in a rapidly evolving 
technology scenario has been highlighted (Kaliman, 2019).

Notably, our finding of a physiological influence of MBIs 
on the stress system is in line with a recent conceptual model 
illustrating the mediating mechanisms of mindfulness medi-
tation in ageing. Starting from mindfulness-related changes 
in psychological processes (e.g., emotion and attention reg-
ulation), a cascading effect of downregulating detrimental 
factors, such as chronic stress, and upregulating beneficial 
factors, such as cognitive and brain reserves, can result in 
a positive influence on ageing-related processes accord-
ing to the reported conceptual model (Lutz et al., 2021). 
The mechanisms may include activation of brain central-
executive networks; enhanced peripheral-central integration 
of information; related changes in autonomic balance and 
immune function; and modulation of epigenetic regulators 
(Lutz et al., 2015; Taylor et al., 2010). This model is well 
aligned with the logic model (Fig. 1) proposed in this review.

Limitations and Future Directions

The findings of this review must be interpreted in the context 
of its limitations. First, the albatross plot is a visual display 
method, which allowed only an approximate examination of 
effect size (Harrison et al., 2017), preventing the drawing of 
definitive conclusions about the magnitude of intervention 
effects on single physiological outcomes. Second, the small 
number of studies included in this systematic review may 
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have limited our ability to accurately represent the complex 
physiology of the chronic stress response, making it diffi-
cult to draw firm conclusions about the effects of MBIs at 
the whole-system level. In addition, the heterogeneity of the 
studies limited our ability to examine the moderator effect of 
the MBI or comparator characteristics in subgroup analyses. 
Stratifications by gender and geographical origin are worthy 
of further investigation. Finally, the list of chronic stress 
mechanisms and stress markers outlined in the logic model 
may not be exhaustive, since it stemmed from a literature 
search that was not conducted using systematic procedures.

Several chronic stress markers that we outlined in the 
logic model as potential physiological outcomes of MBI 
studies have not been evaluated in older adults. A short over-
view of these candidate physiological markers, with some 
hints about the potential and limitations of their measure-
ment, was provided below. At the brain circuit and signalling 
level, the default mode network, salience network, and cen-
tral executive network (i.e., the large-scale brain networks 
supporting core mental and behavioural processes) (Menon, 
2011) have not been investigated as physiological outcomes 
of MBIs in older adults, even if they are associated with 
stress-related disorders (Kunimatsu et al., 2020; Szeszko & 
Yehuda, 2019). Unbiased data-driven analysis techniques, 
such as independent component analysis, should be pre-
ferred in future studies. The hypothalamus and brainstem 
nuclei (i.e., the locus coeruleus and nucleus of the solitary 
tract) should also be examined, as they activate the SAM and 
HPA axes, thus representing potentially sensitive physiologi-
cal outcomes for MBIs. While the measurement of these 
regions has generally been difficult because of their small 
size and lack of automated tools, recent advances in imaging 
techniques and processing, such as automated algorithms 
for nuclei segmentation (Billot et al., 2020) and sensitive 
MRI sequences (Priovoulos et al., 2018), might facilitate 
the investigation of these areas in future MBI studies. At the 
SAM axis level, heart rate variability is decreased in chronic 
stress because of the prevalent influence of the sympathetic 
nervous system over the vagal system on heart rate. The 
recent use of devices (i.e., mobile apps or smartwatches) 
can make the measurement more feasible in older adults 
than traditional 24-h Holter monitoring without affecting 
the accuracy of the procedure (Arantes et al., 2022). At the 
HPA axis level, telomere length and activity can be reduced 
as a result of chronic activation of the HPA axis and con-
sequent oxidative stress (Epel et al., 2004). Since they also 
play a role as biological determinants of cellular senescence 
and longevity (Rossiello et al., 2022), telomeres can repre-
sent a compelling measure of the MBI effect in older adults. 
Another marker linked to both the chronic stress response 
and biological ageing is nuclear factor kappa B. This induci-
ble transcription factor plays a key role in regulating immune 
responses, cellular homeostasis, and cellular senescence 

(Thoms & Stark, 2021). The measurement can be taken 
in peripheral blood mononuclear cells. How stress affects 
gene expression through epigenetic modifications and how 
MBIs can modulate gene expression are a growing matter 
of interest. Studying the expression of genes involved in the 
regulation of both chronic stress and mechanisms of ageing, 
such as inflammation and oxidative stress, could be valuable 
in older adults. Notably, the epigenetic ageing rate (i.e., the 
level of deviation between the DNA methylation age and the 
chronological age) in meditators significantly decreases with 
the number of years of formal practice, suggesting protective 
effects and health benefits in the long term (Kaliman, 2019). 
Further studies on this topic are warranted.

We envisage that future research on the neurobiologi-
cal effects of MBIs will increasingly focus on multiple 
biomarker measurements. In the research field of stress-
related diseases, an allostatic load index incorporating 
multiple stress markers better predicted poor health out-
comes than individual markers did in longitudinal stud-
ies of older adults (Seeman et al., 2001), as well as in 
clinical and nonclinical adult populations (Guidi et al., 
2021). Interestingly, a recent study developed an allo-
static index from a sample of 111 healthy older adults 
who underwent meditation training (Palix et al., 2025). 
The allostatic index was negatively associated with struc-
tural brain integrity in ageing- and stress-sensitive regions 
(Palix et al., 2025), suggesting its potential as a marker of 
stress-relieving interventions in older adults.

Alternative approaches to address the complex nature of 
stress-related pathways are suggested by systems biology. 
Systems biology is a multidisciplinary approach in biomed-
ical research with the aim of studying complex phenom-
ena by using methods (e.g., multi-omics data integration, 
machine learning) that were able to integrate genetic, epi-
genetic, molecular, and circuit data with clinical and envi-
ronmental information (Argelaguet et al., 2020; Dalvie et al., 
2021). For example, this approach allowed the elucidation 
of multiple stress-related pathways involved in posttrau-
matic stress disorder and major depression, paving the way 
for novel therapeutics (Daskalakis et al., 2024). Notably, a 
recent pilot study in a twin cohort explored the physiological 
effects of a 7-day meditation retreat through transcriptome, 
metabolomic, biochemical, heart rate, and EEG analyses, 
which revealed changes in gene expression, metabolites, 
cytokines, and spectral power correlations (Zuniga-Hertz 
et al., 2025). Although the study did not apply multilevel 
integration analysis, it demonstrated the feasibility of a 
multidisciplinary approach for studying the mechanisms 
by which meditation and other MBIs can improve health 
(Zuniga-Hertz et al., 2025). A drawback in designing stud-
ies with this approach can include the high costs related to 
the large number of individuals to be recruited and multiple 
biomarker collection.
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Conclusion

We provided preliminary support for the concept that 
MBIs have positive effects on physiological outcomes 
related to stress exposure and response in older adults. 
Future clinical trials including stress markers as physio-
logical outcomes of MBIs are warranted to provide a basis 
of evidence for this conceptual framework. On the basis 
of the results of this review, we suggest that physiological 
measurements from EEG (event-related potentials or alpha 
power activity) and from saliva samples (cortisol and 
interleukins), along with blood pressure measurements, 
may represent a brief and affordable set of biomarkers to 
be collected in future MBI studies. In addition, the com-
plex interplay between physiological changes and clinical 
outcomes should be examined. To this end, an integrated 
biopsychosocial research approach should be implemented 
to fully understand the connections among MBIs, chronic 
stress mechanisms and markers, and clinical improvement. 
This conclusive understanding may inform health care pro-
viders about the effectiveness of MBIs as a stress-relieving 
strategy to promote mental health in older adults.
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