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Background: Mild neurocognitive disorder (mMNCD) is recognized as an early
stage of dementia and is gaining attention as a significant healthcare problem
due to current demographic changes and increasing numbers of patients. Timely
detection of mMNCD provides an opportunity for early interventions that can
potentially slow down or prevent cognitive decline. Heart rate variability (HRV)
may be a promising measure, as it has been shown to be sensitive to cognitive
impairment. However, there is currently no evidence regarding the diagnostic
accuracy of HRV measurements in the context of the mNCD population. This study
aimed to evaluate the diagnostic accuracy of vagally-mediated HRV (vm-HRV) as a
screening tool for mMNCD and to investigate the relationship between vm-HRV with
executive functioning and depression in older adults who have mNCD.

Methods: We retrospectively analyzed data from healthy older adults (HOA)
and individuals with a clinical diagnosis of mMNCD with a biomarker-supported
characterization of the etiology of mNCD. Diagnostic accuracy was evaluated
using receiver operating characteristic curve analysis based on the area under
the curve. Sensitivity and specificity were calculated based on the optimal
threshold provided by Youden's Index. Multiple linear regression analyses were
conducted to investigate the relationship between vm-HRV and executive
functioning and depression.

Results: This analysis included 42 HOA and 29 individuals with mNCD. The
relative power of high frequency was found to be increased in individuals with
MNCD. The greatest AUC calculated was 0.68 (with 95% ClI: 0.56, 0.81) for the
relative power of high frequency. AUCs for other vm-HRV parameters were
between 0.53 and 0.61. No consistent correlations were found between vm-
HRV and executive functioning or depression.

Conclusion: It appears that vm-HRV parameters alone are insufficient to
reliably distinguish between HOA and older adults with mNCD. Additionally,
the relationship between vm-HRV and executive functioning remains unclear
and requires further investigation. Prospective studies that encompass a broad
range of neurocognitive disorders, HRV measurements, neuroimaging, and
multimodal approaches that consider a variety of functional domains affected
in MNCD are warranted to further investigate the potential of vm-HRV as part of
a multimodal screening tool for mNCD. These multimodal measures have the
potential to improve the early detection of mMNCD in the future.
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1 Introduction
1.1 Background

Mild neurocognitive disorder (mNCD; American Psychiatric
Association, 2013; World Health Organization, 2018), also known as
mild cognitive impairment (MCI; Bermejo-Pareja et al., 2020), is a
precursor to dementia (Petersen et al., 2018) that is gaining attention
as a significant healthcare and societal problem due to current
demographic changes with increasing number of patients (Fendrich
and Hoffmann, 2007) and healthcare costs (Prince et al., 2015). More
than 60% of people with dementia are not detected worldwide (Lang
et al, 2017) and there are currently no curative treatments for
neurocognitive disorders (Demurtas et al., 2020). However, timely
detection of mNCD provides an opportunity for early interventions,
such as lifestyle modifications (Livingston et al., 2020) and therapies
(i.e., exercise interventions; Huang et al., 2022), that can potentially
slow down or prevent cognitive decline (Sabbagh et al., 2020; Veronese
etal., 2023; Manser et al., 2024), contributing toward active solutions
to this healthcare problem. Hence, in the present day, researchers and
healthcare practitioners’ primary focus should be the early detection
of mNCD (Langa and Levine, 2014; Shah et al., 2016).

Several research approaches have been undertaken to diagnose
mNCD, including magnetic resonance imaging, positron emission
tomography (Mosconi, 2005; Talwar et al., 2021), cerebrospinal
fluid biomarkers (Papaliagkas et al., 2023), and neurocognitive
assessments (American Psychiatric Association, 2013). It is
recommended that these procedures be conducted only when there
is a strong indication of mNCD, as they can be invasive and costly.
Such a clinical indication can be effectively provided by a screening
tool with high diagnostic accuracy. The most frequently used
screening tools for individuals with suspected mNCD include
cognitive screening instruments like the Mini-Mental State
Examination (MMSE; Karimi et al., 2022) and the Montreal
Cognitive Assessment (MoCA; Nasreddine et al., 2005), but there
are many alternatives such as the Memory Alteration Test and the
Quick Mild Cognitive Impairment (Qmci) test (Breton et al., 2019).
Most of them exhibit high sensitivity for mNCD (Nasreddine et al.,
2005) and can be administered by a clinician over a short period
(Breton et al., 2019). However, the major limitation lies in
inadequate specificity at their recommended cut-off within these
tests (Ozer et al., 20165 Islam et al., 2023), which in turn might lead
to potential harms and rising costs that have not yet been adequately
studied (Breton et al., 2019). This warrants a screening tool with
high diagnostic accuracy which allows accurate discrimination
between at-risk and healthy individuals in a quick and easy manner.

Heart rate variability (HRV) has been suggested by several studies
as a potential biomarker of cognitive impairment (Forte et al., 2019;
Nicolini et al., 2022; Grissler et al., 2023). HRV is a measure of the
variation in the time intervals between consecutive heartbeats and is
generated by heart-brain interactions that reflect a dynamic interplay
between the sympathetic and parasympathetic branches of the
autonomic nervous system (Shaffer and Ginsberg, 2017). HRV can
be measured with good validity and reliability using wearable sensors
(Nunan et al., 2009; Board et al., 2016; Dobbs et al., 2019). It is
therefore readily accessible in everyday life, enabling continuous
monitoring through wearable devices, and might offer a promising
physiological marker to detect mNCD.
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According to the “neurovisceral integration” model, cardiac vagal
tone, indexed by vagally-mediated heart rate variability (vm-HRV), can
indicate the functional integrity of the central autonomic network (CAN)
implicated in emotion—cognition interactions (Thayer and Lane, 2000),
and is positively correlated with prefrontal cortical performance (Thayer,
2009). Brain areas in CAN, including prefrontal cortical regions, have
been shown to be affected in mNCD patients (Van Dam et al., 2013; Xu
etal, 2020). Accordingly, recent studies found notably reduced vagally-
mediated HRV indices in mNCD individuals compared to healthy older
adults (HOA; da Silva et al,, 2018; Cheng et al., 2022; Grissler et al.,
2023), suggesting the presence of autonomic dysfunction in mNCD (da
Silva et al., 2018; Grassler et al., 2023). While these findings suggest that
vm-HRV is sensitive to mNCD, there is currently no evidence regarding
the diagnostic accuracy of HRV measurements in the context of the
mNCD population.

1.2 Objectives

The primary objective of this study was to evaluate the diagnostic
accuracy of vim-HRYV as a screening tool for mNCD. As a secondary
objective, the relationship between vm-HRV with executive
functioning and depression was investigated in older adults diagnosed
with mNCD to further explore emotion-cognition interactions with
vm-HRV in mNCD (Thayer and Lane, 2000; Ha et al., 2015).

2 Materials and methods
2.1 Study design and setting

A retrospective analysis was conducted on the baseline data from
three studies. These studies include a cross-sectional study that
evaluated the test-retest reliability and validity of phasic vm-HRV
responses during exergaming in HOA (Manser and de Bruin, 2024a)
and two intervention studies that assessed the feasibility (Manser
et al., 2023b) and effectiveness (Manser et al., 2023a; Manser and de
Bruin, 2024b) of a novel technology-enhanced training concept for
the secondary prevention of mNCD. This retrospective analysis study
is reported according to STARD 2015 guidelines (checklist see
Supplementary material; Cohen et al., 2016).

In the cross-sectional study, a consecutive sample of HOA was
recruited from January 2021 to June 2021 through collaborations with
healthcare institutions in the wider Zurich area by handing out leaflets
to interested individuals. All interested individuals were fully informed
about the study by trained investigators from our research team by
providing verbal explanations and an information sheet before
providing written informed consent. In the two intervention studies,
older adults with mNCD were recruited from July 2021 to October
2023 in collaboration with (memory) clinics in Cantons Zurich and
St. Gallen, Switzerland. Suitable patients were either identified from
medical records and patient registries of (memory) clinics or from
recent clinical diagnostics performed by their medical doctors or
therapists authorized to search medical records.

To ensure diversity, equity, and inclusion, all patients referred to
us by the clinical recruitment partners as well as all interested HOAs
were fully considered for participation in the respective studies. All
data was collected from January 2021 to November 2023. After
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completing recruitment and obtaining written informed consent,
participants underwent eligibility screening (see Table 1) and
appointments for measurements for eligible individuals were
scheduled. During the first scheduled appointment, baseline
assessments were conducted.

2.2 Eligibility criteria

HOA were eligible if they were > 60 years old and healthy
according to self-report. Older adults with mNCD were eligible if they
were clinically diagnosed with mNCD according to the Diagnostic
and Statistical Manual of Mental Disorders 5th Edition (World Health
Organization, 2018) or International Classification of Diseases 11th
Revision (American Psychiatric Association, 2013) as well as having
a biomarker-supported characterization of the etiology of
mNCD. Besides these inclusion criteria for the characterization of the
population (HOA and mNCD), we used identical eligibility criteria
for all three studies, as shown in Table 1.

2.3 Sample size

The sample size was determined by the available datasets from
studies conducted under the “Brain-IT" project, and therefore, no
prior sample size calculation was performed. The available data
comprised 80 participants, including 43 HOA and 37 older adults
with mNCD.

2.4 Outcomes

2.4.1 Primary outcome: vagally mediated HRV
Resting vm-HRV was measured following the same protocol in
all three studies. The measurement took place at the beginning of
the session, in a quiet room at room temperature. Participants were
instructed to sit comfortably on a chair with feet flat on the floor,
knees at a 90° angle, hands resting on their thighs (palms facing
upward), eyes closed, and refraining from speaking (Laborde et al.,
2017). The acclimatization period lasted 5 min, followed by a
5-min resting measurement - the recommended duration for
short-term recordings - during which the start of the resting
measurement was not announced to the participant (Malik, 1996;
Laborde et al.,, 2017). For measuring resting vagal tone, a heart rate
monitor (Polar M430) and sensor (Polar H10) were employed, a

TABLE 1 Description of all eligibility criteria.
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valid tool for HRV assessment (Giles et al., 2016). The data
obtained were analyzed using the validated Kubios HRV Premium
Software (Kubios Oy, Kuopio, Finland, Version 3.4; Tarvainen
etal, 2014) following the procedures defined in the study protocol
by Manser et al. (2023a).

More specifically, a sampling rate of 1,000 Hz was used to provide
a temporal resolution of 1 ms for each R-R interval (Williams et al.,
2017). R-R data was transmitted to Kubios HRV Premium (Kubios Oy,
Kuopio, Finland, Version 3.4) for analysis. Kubios HRV is a
scientifically validated software for HRV analysis and has achieved a
gold-standard status in scientific research (Tarvainen et al., 2002;
Niskanen et al., 2004; Tarvainen et al., 2014; Lipponen and Tarvainen,
2019). The automatic beat correction algorithm and noise handling
provided by the software was used to correct for artifact and/or ectopic
beats. The algorithm was validated for resting measurements
(Lipponen and Tarvainen, 2019). The entire 5-min resting
measurement was analyzed. After removing inter-beat-interval time
series non-stationarities by detrending analysis using the smoothness
priors method approach (settings: detrending method = smoothn
priors, Lambda = 500, fc = 0.035 Hz), mean values of mainly vm-HRV
indices were calculated for each segment. We analyzed several
vm-HRYV indices, including the mean R-R time interval (mRR), root
mean square of successive RR interval differences (RMSSD), the
absolute power of the high-frequency (0.15-0.4 Hz; HF) band, the
relative power of HF (in normal units; HF in n.u. = HF in ms?)/ [total
power in ms*-very low frequency (0.00-0.04 Hz in ms®)], and the
Poincaré plot standard deviation perpendicular to the line of identity
(SD1; Ernst, 2017; Laborde et al., 2017; Shaffer and Ginsberg, 2017;
Tarvainen et al., 2018). Additionally, the parasympathetic nervous
system tone index (PNS-Index) was calculated that compares PNS
activity to normal resting values (Tarvainen et al., 2018).

To reduce the impact of confounding factors on HRYV, participants
were instructed to follow a normal sleep routine, avoid intense
physical activities and alcohol consumption 1 day before the
experiment, and refrain from coffee as well as food consumption at
least 2 h before the measurements (Laborde et al., 2017). Two qualified
operatives, trained in proper application of measurement tools and
protocols, assisted with each measurement.

2.4.2 Secondary outcomes: executive functions
and depression

We used data from standardized neuropsychological assessments
that evaluated executive functions. For an overview, we used data from
the HOTAP picture-sorting test (HOTAP) that assessed planning
ability (Menzel-Begemann, 2009), a computerized version of the Trail

Inclusion criteria Exclusion criteria

Participants fulfilling the following inclusion criteria were eligible:

The presence of any of the following criteria led to exclusion:

« clinical diagnosis of ‘mild neurocognitive disorder’ according to International
Classification of Diseases 11th Revision (ICD-XI; World Health Organization,
2018) or the latest Diagnostic and Statistical Manual of Mental Disorders 5th
Edition (DSM—5®; American Psychiatric Association, 2013) or healthy (based on
self-report) older adults (> 60 years)

o German speaking

« able to stand for at least 10 min without assistance

Mobility impairments (i.e., gait and balance) that prevent experiment participation
o Presence of additional, clinically relevant (i.e., acute or symptomatic or both)
neurological disorders (i.e., epilepsy, stroke, multiple sclerosis, Parkinson’s disease,
brain tumors, or traumatic disorders of the nervous system)

Presence of any other unstable or uncontrolled diseases (e.g., uncontrolled high

blood pressure and progressing or terminal cancer)
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Making Test-Part B (PEBL-TMT-B) that evaluated cognitive flexibility
(Mueller, 2014; Mueller and Piper, 2014), and a computerized version
of the Digit Span Backward test PEBL-DSB that assessed working
memory (Croschere et al, 2012; Mueller, 2014; Mueller and
Piper, 2014).

Depression was evaluated using the short version of the
Depression, Anxiety, and Stress Scale-21 (DASS-21; Lovibond and
Lovibond, 1995; Lovibond, 1995; Henry and Crawford, 2005) with a
subscale depression cutoff score of > 5 indicating clinically relevant
depression (Nilges and Essau, 2015).

All assessments were administered and evaluated in accordance
with published guidelines or detailed working instructions. For
further information on these assessments and measurement
procedures, please refer to the study protocol of our RCT (Manser
et al., 2023a).

2.4.3 Baseline factors

Baseline factors were collected through demographic data
including sex, age, body mass index (BMI), years of education,
physical activity [i.e., time spent in at least moderate level of physical
activity per week or metabolic equivalent of task (MET)-minutes per
week], measured with the international physical activity questionnaire
(IPAQ)(Forde, 2018; Craig et al., 2003), medication intake (yes/no),
etiology of mNCD (mainly mNCD due to Alzheimer’s Disease, mild
vascular NCD, mild Frontotemporal NCD or mNCD with Lewy
Bodies) and global cognitive performance, measured with the
validated German version (Manser and De Bruin, 2024c) of the Quick
Mild Cognitive Impairment Screen total score (Qmci).

2.5 Statistics

Statistical analysis was performed using RStudio (Version
2023.06.1 + 524). Descriptive statistics were conducted on all
outcome variables. Data was reported as mean * standard deviation
for data fulfilling all the assumptions that would subsequently justify
parametric statistical analyses, and median (interquartile range) for
data not fulfilling all these assumptions. The Shapiro-Wilk test was
used to check the normality of data (significance level p < 0.05,
two-tailed). Between-group differences were tested using a t-test
(parametric analyses) or the Mann-Whitney U test (non-parametric
analyses), and the Chi-squared test for categorical data. Effect sizes
were evaluated using Cohen’s D, Wilcoxon R, and phi, respectively.
For the analysis of HRV data, we excluded invalid measurements
from analysis that were a result from either missing data resulting
from low quality data (> 5% of beats corrected by the automatic beat
correction algorithm of Kubios HRV Premium), measurement failure
(Polar Sensor failure), or any HRV values identified as extreme by the
R function “identify_outliers

2.5.1 Primary outcome: diagnostic accuracy of
vm-HRV

To answer the primary research question, the area under the curve
(AUC) from receiver operating characteristic (ROC) curve analysis
(Carter et al., 2016) with the optimal cut-off score calculated with
Youden’s ] statistic (Youden index; Youden, 1950) were used to
quantify the overall diagnostic accuracy of vm-HRV. These
calculations were performed through the pROC package available in
RStudio for ROC curve generation and the OptimalCutpoints package
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for Youden’s index calculation. The Optimal.cutpoints function’s
“direction” element was adjusted based on the HRV value ratio in the
HOA and mNCD groups from the descriptive statistics. The
“>“symbol was used when the baseline values in the HOA group were
higher, and “<“was used when the values in the mNCD group were
higher. The outcome variable of the analyses were sensitivity,
specificity, and AUC with 95% confidence intervals (CIs). An AUC
value of 0.9-0.99 was interpreted to indicate excellent discriminatory
ability, 0.8-0.89 a good discriminatory ability, 0.7-0.79 a fair
discriminatory ability, and 0.51-0.69 a poor discriminatory ability. An
AUC of 0.7 was set as an acceptable level of diagnostic accuracy
(Carter et al., 2016).

2.5.2 Secondary outcome: vm-HRYV and executive
functions and depression

To answer the secondary research questions, multiple linear
regression analyses were conducted (Field et al., 2012). Regression
models were designed with the outcome variables executive
functioning (i.e., HOTAP-A, PEBL-TMT-B, and PEBL-DSB) or
depression (i.e., DASS-21 - score of subscale ‘depression’) and the
predictor variable the assessed vim-HRV parameters (i.e., mRR). The
leaps package and ‘regsubsets’ function were used to conduct
all-subsets regression to select the covariates with the smallest AIC
(Akaike Information Criterion) from the following variables: age,
gender, BMI, years of education, and physical activity (PA; Polyakova
etal., 2014; Au et al,, 2017; Domenech-Abella et al., 2018; Song et al.,
2019; Lietal., 2022; Montemurro et al., 2023). Age was only used as a
covariate for executive functioning (Vicini-Chilovi et al., 2010). Based
on the given sample size and the rule of thumb that at least 10
participants are needed per predictor variable or covariate (Field et al.,
2012), two covariates were chosen for each of the 28 regression models
(Harrell, 2001). As PA was assessed with 2 different methods, PA from
the Pilot RCT study was recalculated (Manser et al., 2023b) by using
5.5 METs as a moderate intensity activity equivalent for the elderly
population (Hall et al., 2013) and multiplied with min/week. The fit of
the model was assessed with the coefficient of determination, R%.

3 Results
3.1 Baseline data

Out of the initial 80 participants, 71 were included in the analysis
because of either missing (1 = 5) or low-quality HRV data (n = 4). The
characteristics of the study population are presented in Table 2,
descriptive statistics on vm-HRYV are reported in Table 3 and statistics
on cognitive and psychological tests are in Table 4. A significant
difference between groups was revealed with a medium effect size in
terms of age (Wilcoxon R = 0.42) and relative power of HF (R = 0.31)
and large effect size in terms of medication intake (phi=0.57,
p <0.05). There were no adverse events related to any of the
study’s measurements.

3.2 Primary outcome: diagnostic accuracy
of vm-HRV

The results on AUCs, sensitivities, and specificities for HRV
parameters are presented in Table 5. The greatest AUC calculated was
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TABLE 2 Baseline demographic and clinical characteristics of study participants.

HOA (n = 42)

mNCD (n = 29)

10.3389/fnagi.2024.1498687

Between group difference

p-value®

Effect Size®?

Sex (% female) 59.5% (n = 25) 37.9% (n=11) 0.09 0.22
Age (years) 67.5(7.0) 76.5(7.8) <0.001%* 0.42
Medication (% yes) 36.0% (n =15) 93.0% (n=27) <0.001%* 0.57
BMI kg/m* 234+33 23.6£2.70 0.9 0.03
Physical Activity MET-min/week 1851 + 1,161 1961 + 1,550 0.88 0.04
Education years 159 +4.4 15.0 + 4.14 0.47 0.19
Qmci total score 79.8 +8.3 55.6 £ 11.1 <0.001%* 2.42
mNCD ethology 72% AD (n=21)

17% mVD (n = 5)

7% mFD (n =2)

3% LB (=1)

Wp-values for the between-group differences tested with an independent ¢-test or Mann-Whitney U test in case the data are not normally distributed, or Fisher’s exact test for categorical

variables.

@Effect size estimates for the between-group differences tested with an independent t-test (effect size Pearson r) or Mann-Whitney U test [effect size Spearman rho (rs)] in case the data are

not normally distributed, or Fisher’s exact test for categorical variables (odds ratio).

Data are reported as mean + standard deviation for data fulfilling all the assumptions that would subsequently justify parametric statistical analyses data and as median (IQR) for data not

fulfilling all of these assumptions. BMI, body mass index; AD, Alzheimer’s Disease; mVD, mild vascular neurocognitive disorder; mFD, mild Frontotemporal neurocognitive disorder; LB,

Lewy Body. * = statistically significant at p < 0.05.

TABLE 3 Baseline vm-HRV and heart rate of participants.

HOA (n = 42) mNCD (n = 29) Between group difference
p-value Effect size
mRR ms 849.11 + 151.30 843.21 + 135.59 0.62 0.12
RMSSD ms 9.95 (8.43) 13.70 (14.95) 0.69 0.05
PNN50 % 0.00 (0.29) 0.00 (2.76) 0.11 0.19
HF ms? 36.50 (63.25) 56.00 (135.25) 0.73 0.04
HF n.u. (normalized unit) 30.74 (25.50) 47.95 +23.74 0.009* 0.31
SD1 ms 7.05 (5.95) 9.70 (10.63) 0.69 0.05
PNS Z-score —-1.13£0.90 —1.02 (1.16) 0.43 0.09
Heart rate bpm 72.82 +12.71 72.08 +10.58 0.96 0.01

Data are reported as mean + standard deviation for data fulfilling all the assumptions that would subsequently justify parametric statistical analyses data and as median (IQR) for data not

fulfilling all of these assumptions. mRR, mean R-R time interval; RMSSD, root mean square of successive RR interval differences; HF in ms?, absolute power of the high-frequency (HF) band;

HF in n.u,, relative power of HF band; SD1, Poincaré plot standard deviation perpendicular to the line of identity; PNS, Index, parasympathetic nervous system tone index. * = statistically

significant at p < 0.05.

0.68 (with 95% CI: 0.56, 0.81) for the relative power of HE The
remaining HRV parameters had AUCs between 0.61 and 0.53. Six
HRV parameters showed sensitivity above 62%, with specificity
ranging widely from 26 to 76%.

3.3 Secondary outcome: vm-HRV and
executive functions and depression

Multiple linear regression showed a significant correlation
between vin-HRV and executive functioning with regards to planning
abilities and mRR (R? = 0.38, p < 0.05) as well as relative power of HF
(R*=0.42, p < 0.05; Table 6), but not cognitive flexibility (Table 7) or
working memory (Table 8).

DASS-21 - score of subscale ‘depression’ was also not related to
vm-HRV parameters (Table 9) in patients with mNCD.

Frontiers in Aging Neuroscience

4 Discussion

The aim of this study was to evaluate the diagnostic accuracy of
vm-HRYV as a screening tool for mNCD and investigate its relationship
with executive functioning and depression in this population. The
relative power of HF had the highest AUC, but all evaluated vm-HRV
parameters showed poor diagnostic accuracy. Mixed findings were
observed for the relationship between vm-HRV and executive
functioning, while no relation was found between vm-HRV and
depressive symptoms.

4.1 Diagnostic accuracy of vm-HRV

This study was the first to investigate the diagnostic accuracy of
vm-HRV parameters as a screening tool for mNCD, precluding direct
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TABLE 4 Baseline values of cognitive tests and DASS-21—score of
subscale ‘depression’ in mNCD population.

Unit mNCD (n = 29)

PEBL-DSB score 4.08 +1.61
PEBL-DSB maximum span 3(1)
PEBL-TMT-B seconds 139.82 + 81.01
HOTAP points/min 5.08 £2.11
Depression score 3(2.25)

Data are reported as mean + standard deviation for data fulfilling all the assumptions that
would subsequently justify parametric statistical analyses data and as median (IQR) for data
not fulfilling all of these assumptions.

TABLE 5 Diagnostic accuracy of vm-HRV.

HRV AUC (CI) Sensitivity  Specificity
parameter

HF in n.u. 0.68 (0.56, 0.81) 69% 67%
pnns0 0.61 (0.47, 0.74) 62% 2%
PNS-Index 0.56 (042, 0.70) 69% 51%

SD1 0.53 (0.85, 0.69) 68% 49%
mRR 0.53 (0.40, 0.67) 86% 26%
RMSSD 0.53 (038, 0.69) 68% 49%

HEF in ms2 0.53 (0.37, 0.68) 2% 76%

Area under the curve (AUC) with confidence interval (CI = 95%), sensitivity (%), and
specificity (%).

TABLE 6 Multiple linear regression models with HOTAP as the constant
outcome variable, vm-HRV parameters as predictor variables, and
physical activity (MET-min/week) and education as constant covariates.

R2 B SEB B  pvalue Covariates

Executive function: HOTAP

mRR 0.38 0.01 0.00 0.36 0.038%* PA, education
RMSSD 0.39 | —0.04 0.03 —0.25 0.18 PA, education
PNN50 0.45 | —0.04 0.07 —0.09 0.59 PA, education
HF 0.45 0.00 0.00 —0.03 0.85 PA, education
HFinnu. = 042 | —0.04 0.01 —0.42 0.015% PA, education
SD1 0.39 | —-0.05 0.04 -0.25 0.18 PA, education
PNS 0.34 | 0.31 0.29 0.19 0.30 PA, education

R?, coefficient of determination; B, regression coefficient; SE, standard error of B; B,
standardized B; PA, physical activity. * = statistically significant at p < 0.05.

comparisons with the literature. However, previous literature has shown
that vm-HRV parameters are sensitive to mNCD, with lower values in
individuals with mNCD than in healthy controls (da Silva et al., 2018;
Cheng et al.,, 2022). This is consistent with the predictions of the
“neurovisceral integration” model, which suggests that vim-HRV can
indicate the functional integrity of the CAN implicated in cognitive and
emotional responses to the environment (Thayer, 2009). However, it is
inconsistent with our findings, as we observed mixed results, including
increased (rather than the expected decreased) resting HF-HRV in
individuals with mNCD. This finding may be explained by the study of
Lin et al. suggesting the presence of compensatory mechanisms in
cognitively impaired patients (Lin et al., 2017a). They found that worse
cognitive performance and more severe neurodegeneration in
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TABLE 7 Multtiple linear regression models with trail-making task part B
as the constant outcome variable, vm-HRV parameters as predictor
variables.

R? B SEB p @ pvalue Covariates

Executive function: trail-making task part B

mRR 029 | —0.17 0.0 | —0.30 0.11 Sex, PA
RMSSD 035 123 108 | 021 0.27 Sex, PA
PNN50 037  -125 306 | —0.08 0.69 Sex, PA
HF 036  —001 012 | —0.02 0.92 Sex, PA
HFinnu 023 058 066 | 018 0.39 Sex, PA
SD1 035 174 152 | 021 0.26 Sex, PA
PNS 031 -390 1114  —0.06 0.73 Sex, PA

R?, coefficient of determination; B, regression coefficient; SE, standard error of B; p,
standardized B; PA, physical activity.

TABLE 8 Multiple linear regression models with digit span backward as
the constant outcome variable, vm-HRV parameters as predictor
variables, and physical activity (MET-min/week) and education as
constant covariates.

R B SEB g

Executive function: digit span backward (total point score)

p value Covariates

mRR 0.13 0.00 0.00 0.09 0.67 PA, education
RMSSD 022 —0.04 0.02 —0.33 0.13 PA, education
pNN50 0.14 | 0.00 0.07 —0.01 0.98 PA, education
HF 0.16 | 0.00 0.00 —0.12 0.60 PA, education
HF in n.u. 0.12 0.00 0.01 —0.03 0.90 PA, education
SD1 0.22 | —0.05 0.03 —0.33 0.13 PA, education
PNS 0.13 —0.10 0.26 —0.08 0.71 PA, education

Executive function: digit span backward (max. span)

mRR 0.13 | 0.00 0.00 0.004 0.98 PA, education
RMSSD 0.09 = —0.01 0.01 —0.04 0.54 PA, education
PNN50 0.07 | 0.00 0.04 —0.03 0.91 PA, education
HF 0.08 0.00 0.00 —0.11 0.64 PA, education
HFinnu. | 0.15 0.01 0.01 0.17 0.41 PA, education
SD1 0.09 | —0.01 0.02 —0.14 0.54 PA, education
PNS 0.07 = —0.01 0.14 —0.02 0.93 PA, education

R?, coefficient of determination; B, regression coefficient; SE, standard error of B; p,
standardized B; PA, physical activity.

individuals with mNCD were associated with greater HF-HRV during
rest, and suggested a framework of a non-linear relationship between
parasympathetic nervous system (PNS) activity (i.e., vm-HRV) and
neurodegeneration (Lin et al,, 2017b).

In individuals with mNCD, the increased level of PNS activity
compared to HOA may be caused by hyperactivity of brain regions [i.e.,
anterior cingulate cortex (ACC)] as a result of insufficient neural
efficiency of frontal regions or a compensatory mechanism for neural
loss in frontal regions (Li, Cao et al., 2014; Lin et al., 2017a). Yetkin
et al. observed that both patients with MCI and patients with AD
displayed more activation than healthy controls in the frontal and
temporal lobes (Yetkin et al., 2006). Additionally, Yoon et al. showed
hyperactivation of the prefrontal cortex (PFC) in MCI during a
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TABLE 9 Multiple linear regression models with DASS-21—score of
subscale ‘depression’ as the constant outcome variable, vm-HRV
parameters as predictor variables.

R2 B SEB g  pvalue Covariates

Depression

mRR 0.07 0.00 0.00 0.07 0.71 Sex, education
RMSSD 0.14 | —-0.02 0.05 —0.10 0.63 Sex, education
PNN50 024 | -027 0.14 -0.39 0.07 Sex, PA

HF 0.20 | —0.01 0.01 —0.32 0.14 Sex, PA

HF in n.u. 0.15 | —0.04 0.03 —0.32 0.14 Sex, education
SD1 0.14 —0.04 0.07 —0.10 0.63 Sex, education
PNS 0.17  —-0.62 0.55 —-0.23 0.27 Sex, education

Physical activity (MET-min/week) and gender were covariates in pnn50 and absolute HE.
Education and gender were covariates in all other vim-HRV parameters. R?, coefficient of
determination; B, regression coefficient; SE, standard error of B; f, standardized B; PA,
physical activity.

cognitive task suggesting the presence of neural compensatory
mechanisms (Yoon et al., 2019). The PFC, the ACC, the amygdala, the
insula, the hypothalamus, and the brainstem are all part of CAN, a
component of the body’s internal regulation system. This integrated
network is mediated by preganglionic sympathetic and parasympathetic
(vagal) neurons (Benarroch, 1993; Thayer et al., 2012; Shouman and
Benarroch, 2021) which innervate the heart and regulate HRV (Shaffer
etal,, 2014). The brain areas in CAN are shown to be impaired in MCI
(Van Dam et al., 2013; Xu et al., 2020) rendering the utilization of
compensatory mechanisms which are then reflected in changes in
HRV. This provides a possible explanation for the increased HF-HRV
in mNCD individuals at an early stage of the disease.

The model proposed by Lin et al. (2017b) also aligns with the
evidence on the sensitivity of vm-HRV for mNCD, based on our
preliminary comparison of this study and others involving patients
with neurodegenerative disorders (Lin et al., 2017a; da Silva et al,,
2018; Nicolini et al., 2022; Grissler et al., 2023). In particular, in our
comparison the decline in global cognitive function was associated
with relative changes in vm-HRV (AHF-HRYV in n.u.) corresponding
to neurodegeneration (Ye et al., 2017; Radanovic et al., 2019) and PNS
activity, respectively. Among the reviewed studies, three included
patients diagnosed with mNCD (Lin et al., 2017b; Nicolini et al., 2022;
Grissler et al., 2023), five involved patients with Alzheimer’s Disease
(da Silva et al., 2018), and two focused on patients with Lewy Body
Dementia (da Silva et al., 2018). All studies, except ours, used multi-
lead ECG to measure vim-HRV (Lin et al., 2017a, da Silva et al., 2018,
Nicolini et al., 2022, Grissler et al., 2023). While these findings show
some alignment with the framework proposed by Lin et al. (2017b),
further research is needed to confirm or reject this preliminary
framework by including a broad range of neurocognitive disorders,
HRV measurements, and neuroimaging approaches.

4.2 Vm-HRV and executive functions and
depression

This study did not find consistent correlations between vm-HRV
and executive functioning in the mNCD group, which contrasts with
previous literature (Forte et al., 2019; Liu et al., 2022). Our findings
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can be explained in the light of the previously discussed framework by
Lin et al. (2017a). The relationship between PNS activity and
neurodegeneration is suggested to be non-linear, which can
be compared to the relationship between vm-HRV and executive
function performance, as deficits in cognitive performance are known
to correlate with neurodegeneration (Ye et al., 2017). Therefore, future
investigations should employ new methodologies to capture the
interaction between vim-HRYV and cognitive performance, taking into
account the potential non-linear relationship, and elucidate whether
the potential relationship between executive functions and vim-HRV
is dependent on neurocognitive subdomains of executive function and
the associated brain structures and networks involved.

This study’s findings on the missing relationship between
vm-HRV and depression also contradicts previous literature (Kemp
etal., 2010; Haetal., 2015). A possible explanation for this discrepancy
is that 20% of the patients in our study scored the lowest possible score
on the DASS-21 subscale for depression (score = 0). Additionally, the
study revealed that 76% of the patients scored 4 or lower on the
DASS-21 depression subscale, indicating an absence of clinically
relevant depressive symptoms in these individuals (Lovibond, 1995).
Terwee et al. suggested that the floor (bottom) effect may be present if
more than 15% of participants achieve the lowest possible score
(Terwee et al., 2007). Therefore, it can be concluded that a bottom
effect is present in the data for the DASS-21 subscale ‘depression,
which may explain the lack of a correlation between vm-HRV and
depression. This bottom effect may be due to potential selection bias
in the recruitment process (see section ‘Strengths and Limitations of
the Study and Future Researcly).

4.3 Generalizability of the findings

Compared to previous studies investigating vm-HRV parameters
in relation to cognitive performance (Lin et al., 2017a, Grissler et al.,
2021b, Nicolini et al., 2022), our study population had similar
descriptive statistics for age (only for either HOA or mNCD), sex
distribution (only HOA), BMI (both groups), and education [only
study of Lin et al. (2017b)], which makes our study population
comparable to previous research.

However, it is important to note that the generalizability of our
findings may be limited by certain characteristics of our populations.
Both the mNCD and healthy group exhibited a moderate level of
physical activity (Forde, 2018), with higher IPAQ scores compared to
the mNCD and healthy participants in a reference study (Makarewicz
etal, 2021). It is well-known that higher levels of physical activity are
associated with higher HRV indices in the older adults population
(Buchheit et al., 2004), which indicates a highly active population and
may limit the generalizability of our findings. In comparison to
previous studies, our study population had more years of education,
except compared to the Lin et al. (2017a). Higher levels of education
in early life are recognized as protective factors against neurocognitive
disorders, potentially associated with enhanced cognitive performance
and cognitive reserve (Stern, 2012; Stern et al., 2020; Zhang et al.,
2022). In addition, it remains uncertain whether years of education
impact vim-HRYV in older adults (Chuang et al., 2018). However, as our
study was conducted on a well-educated population it may limit the
generalizability of our findings in individuals with lower levels of
education. Additionally, women were underrepresented in the studied
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population. Even though the vm-HRYV results should not be affected
by this factor as sex differences in vm-HRV disappear after the age of
55 (Voss et al., 2015), the prevalence of non-amnestic mNCD is higher
in women, which may limit the generalizability of our findings (Au
et al,, 2017). Moreover, our study population was mainly comprised
of well-educated and active men with mNCD. This could again be due
to a selection bias in participant recruitment, as the study only
included individuals referred to us by our clinical collaborators.
Additionally, the 12-week training intervention design of the study
may have introduced a bias toward against active individuals, due to
the heightened barriers to enrolling in a 12-week intervention study
as opposed to a typical cross-sectional study utilized for evaluating the
diagnostic accuracy of a screening tool.

The significant age difference between the analyzed populations
should also be taken into consideration. Previous research suggests
that vm-HRV decreases with age until the sixth decade of life and then
stabilizes (De Meersman and Stein, 2007; Voss et al., 2012).
Furthermore, Stein et al. (2009) demonstrated the age-related decline
of parasympathetic control of the heart levels at age 70 (Stein et al.,
2009). Therefore, the significant between groups difference in terms
of age should not have a relevant impact on our result and does not
limit the generalizability of our findings. On the other hand, our study
provides a highly representative sample of the distribution of mNCD
etiologies. Alzheimer’s disease was the most common etiology among
participants with mNCD, accounting for 72% of cases. The mild
vascular neurocognitive disorder is the second most common etiology
(17%), followed by mild frontotemporal neurocognitive disorder
etiology (7%) and Lewy Body dementia etiology (3%), which is
consistent with the expected distribution of etiologies in populations
with mNCD (American Psychiatric Association, 2013).

Taking all these factors into account, the generalizability of our
findings applies to a moderately active and well-educated population,
with the inclusion of various etiologies of mNCD. However, the
generalizability of our findings may be limited to less active, less
educated individuals, and women. Therefore, it is necessary to verify
our findings by testing in more representative populations of
individuals with mNCD.

4.4 Implication for research

Our key findings demonstrate that vm-HRV alone does not seem
to possess sufficient diagnostic accuracy for mNCD. In this regard, a
multimodal approach that considers a variety of functional domains
impaired in a certain disorder may present an interesting avenue for
improving this diagnostic accuracy. For instance, cognitive dysfunction
has a negative impact on other functional domains, such as gait
parameters, dual-task performance, or chemosensory functioning (i.e.,
olfactory function). More specifically, balance, gait speed (Kuan et al.,
2021), and gait variability (Pieruccini-Faria et al., 2021) are impaired in
patients with mNCD and may be linked to discrete neural changes in
the brain (Wilson et al., 2019) that may support distinguishing between
different mNCD etiologies. Similarly, MCI is associated with olfactory
impairments which were more severe in patients with amnestic MCI
than patients with non-amnestic MCI (Zhou et al., 2024). In addition,
innovative digital cognitive screening modalities, such as smart devices
(e.g., smartphones, smartwatches, or smart-home devices), serious
games, or virtual reality might improve diagnostic accuracy of
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screening of cognitive impairment and reduce feelings of test anxiety
(Magno et al., 2024). These could also implement dual-task walking
procedures, which have been shown as a useful predictor of cognitive
impairment and performed better than single-task gait measurements
alone (Ramirez and Gutiérrez, 2021). More and more research tends to
focus on non-invasive measurements of functional brain changes.
Electroencephalography and functional near-infrared spectroscopy
measurements have been shown useful and therefore suggested as a
screening tool to distinguish between HOA and individuals with MCI
and Alzheimer’s disease (Yeung and Chan, 20205 Jiao et al., 2023).

While all these modalities might be relevant, they typically only
cover specific aspects of mNCD. Therefore, it has recently been
proposed that combining different noninvasive measurement
modalities might improve diagnostic accuracy for early detection of
mNCD/MCI (Grissler et al. 2021a), with some preliminary evidence
supporting this assumption (e.g., combining bioimpedance analysis
with a standard cognitive screening instrument improved diagnostic
accuracy for detecting MCI compared to cognitive screening alone;
Jun et al., 2024). Thus, combining these (and other) modalities with
vm-HRV in future research renders a promising implication for
screening for mNCD and should be considered as a starting point for
developing innovative screening tools.

The findings of this study may have implications for differentiating
mNCD from other diseases. It has been observed that vm-HRYV is
decreased in disorders such as depression (Kemp et al., 2010) and
dementia (da Silva et al, 2018; Cheng et al, 2022), but might
be increased in mNCD. This could potentially allow future research to
differentiate mNCD from other neurocognitive and psychological
disorders. However, it is crucial to verify the findings and proposed
framework of Lin et al. (2017b) by conducting studies that carefully
examine this aspect. Therefore, we recommend conducting
longitudinal studies to observe the change in HRV over time in a wide
range of neurocognitive disorders, as well as combining this with
neuroimaging approaches.

4.5 Strengths and limitations of the study
and future research

A key strength of this study is the selective inclusion of participants
who have a clinical diagnosis of mNCD according to ICD-XI (World
Health Organization, 2018) or DSM-5 (American Psychiatric
Association, 2013) with a biomarker-supported characterization of the
etiology of mNCD rendering our population a gold standard for
mNCD research. Furthermore, the study encompasses data from
individuals with diverse mNCD etiologies which increases the
generalizability of our findings.

Although our study has provided valuable strengths, it is important
to acknowledge certain limitations. Firstly, the intervention study
design may have introduced selection bias in participant recruitment,
particularly in less active individuals and those with mNCD. This may
impact the generalizability of our findings. Secondly, as this is a
retrospective study, we only included individuals who had already
been diagnosed with mNCD at the time of HRV measurement which
may impact the robustness of our findings and only allow cautious
preliminary conclusions. To mitigate this limitation, it would
be beneficial to measure a healthy, but at risk for cognitive impairment,
population and then follow up and investigate whether HRV can
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discriminate between individuals who remain healthy and those who
subsequently develop mNCD. Additionally, this study is limited by
being a secondary analysis of three existing studies, and neither their
design nor their sample size was tailored to the research objective of
this study, which may also limit the robustness of the findings and only
allow cautious preliminary conclusions. Furthermore, our analysis did
not differentiate between the types of medication taken by participants,
since such data was only available for the second cohort of participants
with mNCD. The influence of medication should be analyzed in the
future to correct for potential confounding effects of medication on the
observed HRV patterns instead of only the (lack of) intake of
cardioactive medications. To address these limitations in future
research and allow more robust and nuanced conclusions, a prospective
study with a carefully calculated sample size and a thorough
examination of medication effects on HRV would provide a more
comprehensive and robust understanding of the relationships under
investigation. Finally, this study was, to the best of our knowledge, the
first to investigate vm-HRYV in individuals with a clinical diagnosis of
mNCD with a biomarker-supported characterization of four distinct
etiologies of mNCD. Unfortunately, the available data did not allow
subgroup analyses to elucidate whether these distinct etiologies affect
the brain-heart axis differentially due to the low number of patients
with etiologies other than Alzheimer’s disease, highlighting the need
for further research in this area to allow more nuanced conclusions.

5 Conclusion

In conclusion, it appears that vm-HRV parameters alone are
insufficient to reliably distinguish between HOA and older adults with
mNCD. Furthermore, the relationship between vagally-mediated
heart rate variability and executive functioning remains unclear and
requires further investigation. Our findings warrant prospective
studies that encompass a broad range of neurocognitive disorders,
HRV measurements, neuroimaging approaches, and a multifactorial
approach to further investigate the potential of vm-HRV as a screening
tool for mNCD. These steps have the potential to improve the early
detection of mNCD in the future.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found at: https://doi.org/10.5281/zenodo.7824568, https://doi.
org/10.5281/zenodo.7428378, and https://doi.org/10.5281/
zenodo.10695988.

Ethics statement

The studies involving humans were approved by ETH Zurich
Ethics Committee (EK-2020-N-158 for our cross-sectional study and
EK 2021-N-79 for our pilot RCT) as well as the Ethics Committees of
Zurich and Eastern Switzerland (EK-2022-00386) for the RCT. The
studies were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1498687

Author contributions

JC-R: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing - review & editing. EB: Conceptualization,
Funding acquisition, Methodology, Supervision, Writing - review &
editing. PM: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Supervision,
Validation, Writing — original draft, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The studies
that collected the analyzed data in this study were funded by the
Synapsis Foundation - Dementia Research Switzerland (grant no.
2019-P106) and the “Gebauer Stiftung“and were financially supported
by the “Fondation Dalle Molle” (Prix “Qualité de la vie” 2020). The
funders had no role in the study’s design, data collection, analysis, data
interpretation, article writing, or decision to submit this manuscript
for publication. Open access funding by ETH Zurich.

Acknowledgments

The authors would like to thank all recruitment partners and
participants in the original studies for their participation and
valuable contribution to this project. Additionally, the authors would
like to thank André Groux, Anna Riedler, Chiara Bassi, Enis Ljatifi,
Karishma Thekkanath, Julia Miiller, Kathrin Rohr, Nadine Decher,
Patricia Groth, Robin Mozolowski, and Wanda Kaiser for their
support in data collection.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1498687/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1498687
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.5281/zenodo.7824568
https://doi.org/10.5281/zenodo.7428378
https://doi.org/10.5281/zenodo.7428378
https://doi.org/10.5281/zenodo.10695988
https://doi.org/10.5281/zenodo.10695988
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1498687/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1498687/full#supplementary-material

Czopek-Rowinska et al.

References

American Psychiatric Association (2013). Diagnostic and statistical manual of mental
disorders: DSM-5. Washington, DC: American psychiatric association.

Au, B,, Dale-McGrath, S., and Tierney, M. C. (2017). Sex differences in the prevalence
and incidence of mild cognitive impairment: a meta-analysis. Ageing Res. Rev. 35,
176-199. doi: 10.1016/j.arr.2016.09.005

Benarroch, E. E. (1993). The central autonomic network: Functional organization,
dysfunction, and perspective. Mayo Clin. Proceed. 68, 988-1001. doi: 10.1016/
S0025-6196(12)62272-1

Bermejo-Pareja, F, Contador, I, Del Ser, T,, Olazaran, J., Llamas-Velasco, S., Vega, S.,
et al. (2020). Predementia constructs: mild cognitive impairment or mild neurocognitive
disorder? A narrative review. Int. J. Geriatr. Psychiatry 36, 743-755. doi: 10.1002/gps.5474

Board, E. M., Ispoglou, T., and Ingle, L. (2016). Validity of telemetric-derived measures
of heart rate variability: a systematic review. J. Exercise Physiol. 19, 64-84.

Breton, A., Casey, D., and Arnaoutoglou, N. A. (2019). Cognitive tests for the
detection of mild cognitive impairment (MCI), the prodromal stage of dementia: Meta-
analysis of diagnostic accuracy studies. Int. J. Geriatr. Psychiatry 34, 233-242. doi:
10.1002/gps.5016

Buchheit, M., Simon, C. Viola, A. U, Doutreleau, S., Piquard, E, and
Brandenberger, G. (2004). Heart rate variability in sportive elderly: relationship with
daily physical activity. Med. Sci. Sports Exerc. 36, 601-605. doi: 10.1249/01.
MSS.0000121956.76237.B5

Carter, J. V., Pan, ], Rai, S. N., and Galandiuk, S. (2016). ROC-ing along: evaluation
and interpretation of receiver operating characteristic curves. Surgery 159, 1638-1645.
doi: 10.1016/j.surg.2015.12.029

Cheng, Y.-C., Huang, Y.-C., and Huang, W.-L. (2022). Heart rate variability in patients
with dementia or neurocognitive disorders: a systematic review and meta-analysis.
Australian & New Zealand J. Psychiatry 56, 16-27. doi: 10.1177/0004867420976853

Chuang, S.-Y., Cheng, H.-M,, Liao, C.-E, Wen-Harn, P, Liu, W.-L., and Chen-Huan, C.
(2018). A5253 education levels may modify the association between cardiac index and
cognitive function among the elders with normal ejection function. J. Hypertens.
36:€263. doi: 10.1097/01.hjh.0000549070.47852.82

Cohen, J. F, Korevaar, D. A., Altman, D. G., Bruns, D. E., Gatsonis, C. A., Hooft, L.,
et al. (2016). STARD 2015 guidelines for reporting diagnostic accuracy studies:
explanation and elaboration. BMJ Open 6:¢012799. doi: 10.1136/bmjopen-2016-012799

Craig, C. L., Marshall, A. L., Sjéstrom, M., Bauman, A. E., Booth, M. L,
Ainsworth, B. E,, et al. (2003). International physical activity questionnaire: 12-country
reliability and validity. Med. Sci. Sports Exerc. 35: 1381-95. doi: 10.1249/01.
mss.0000078924.61453.fb

Croschere, J., Dupey, L., Hilliard, M., Koehn, H., and Mayra, K. (2012). The effects of
time of day and practice on cognitive abilities: Forward and backward Corsi block test
and digit span: PEBL Technical Report Series.

da Silva, V. P, Ramalho Oliveira, B. R., Tavares Mello, R. G., Moraes, H.,
Deslandes, A. C., and Laks, J. (2018). Heart rate variability indexes in dementia: a
systematic review with a quantitative analysis. Curr. Alzheimer Res. 15, 80-88. doi: 1
0.2174/1567205014666170531082352

De Meersman, R. E., and Stein, P. K. (2007). Vagal modulation and aging. Biol. Psychol.
74, 165-173. doi: 10.1016/j.biopsycho.2006.04.008

Demurtas, J., Schoene, D., Torbahn, G., Marengoni, A., Grande, G., Zou, L., et al.
(2020). Physical activity and exercise in mild cognitive impairment and dementia: an
umbrella review of intervention and observational studies. J. Am. Med. Dir. Assoc. 21,
1415-1422.¢6. doi: 10.1016/j.jamda.2020.08.031

Dobbs, W. C., Fedewa, M. V., MacDonald, H. V., Holmes, C. J., Cicone, Z. S.,
Plews, D. ], et al. (2019). The accuracy of acquiring heart rate variability from portable
devices: a systematic review and meta—analysisi Sports Med. 49, 417-435. doi: 10.1007/
540279-019-01061-5

Domenech-Abella, J., Mundéd, J., Leonardi, M., Chatterji, S., Tobiasz-Adamczyk, B.,
Koskinen, S., et al. (2018). The association between socioeconomic status and depression
among older adults in Finland, Poland and Spain: a comparative cross-sectional study
of distinct measures and pathways. J. Affect. Disord. 241, 311-318. doi: 10.1016/j.
jad.2018.08.077

Ernst, G. (2017). Heart-rate variability—more than heart beats? Front. Public Health
5:288099. doi: 10.3389/fpubh.2017.00240

Fendrich, K., and Hoffmann, W. (2007). More than just aging societies: the
demographic change has an impact on actual numbers of patients. J. Public Health 15,
345-351. doi: 10.1007/5s10389-007-0142-0

Field, A., Miles, J., and Field, Z. (2012). Discovering statistics using R. London: Sage.

Forde, C. (2018). Scoring the international physical activity questionnaire (IPAQ):
University of Dublin, 3.

Forte, G., Favieri, F, and Casagrande, M. (2019). Heart rate variability and cognitive
function: a systematic review. Front. Neurosci. 13:710. doi: 10.3389/fnins.2019.00710

Giles, D., Draper, N., and Neil, W. (2016). Validity of the polar V800 heart rate
monitor to measure RR intervals at rest. Eur. J. Appl. Physiol. 116, 563-571. doi: 10.1007/
s00421-015-3303-9

Frontiers in Aging Neuroscience

10

10.3389/fnagi.2024.1498687

Grissler, B., Dordevic, M., Darius, S., Herold, E, Forte, G., Langhans, C., et al. (2023).
Is there a link between heart rate variability and cognitive decline? A cross-sectional
study on patients with mild cognitive impairment and cognitively healthy controls. Arq.
Neuropsiquiatr. 81, 9-18. doi: 10.1055/5-0042-1758862

Grissler, B, Herold, E, Dordevic, M., Gujar, T. A, Darius, S., Bockelmann, I, et al.
(2021a). Multimodal measurement approach to identify individuals with mild cognitive
impairment: study protocol for a cross-sectional trial. BMJ Open 11:¢046879. doi:
10.1136/bmjopen-2020-046879

Grissler, B., Thielmann, B., Bockelmann, I., and Hokelmann, A. (2021b). Effects of
different exercise interventions on heart rate variability and cardiovascular health factors
in older adults: a systematic review. Eur. Rev. Aging Phys. Act. 18, 1-21. doi: 10.1186/
s11556-021-00278-6

Ha, J. H,, Park, S., Yoon, D., and Kim, B. (2015). Short-term heart rate variability in
older patients with newly diagnosed depression. Psychiatry Res. 226, 484-488. doi:
10.1016/j.psychres.2015.02.005

Hall, K. S., Howe, C. A, Rana, S. R., Martin, C. L., and Morey, M. C. (2013). METs and
accelerometry of walking in older adults: standard versus measured energy cost. Med.
Sci. Sports Exerc. 45, 574-582. doi: 10.1249/MSS.0b013e318276¢73¢

Harrell, E E. (2001). Regression modeling strategies: With applications to linear
models, logistic regression, and survival analysis: Springer.

Henry, J. D., and Crawford, J. R. (2005). The short-form version of the depression
anxiety stress scales (DASS-21): construct validity and normative data in a large non-
clinical sample. Br. J. Clin. Psychol. 44, 227-239. doi: 10.1348/014466505X29657

Huang, X., Zhao, X., Li, B., Cai, Y., Zhang, S., Wan, Q,, et al. (2022). Comparative
efficacy of various exercise interventions on cognitive function in patients with mild
cognitive impairment or dementia: a systematic review and network meta-analysis. J.
Sport Health Sci. 11, 212-223. doi: 10.1016/j.jshs.2021.05.003

Islam, N., Hashem, R., Gad, M., Brown, A., Levis, B., Renoux, C., et al. (2023).
Accuracy of the Montreal cognitive assessment tool for detecting mild cognitive
impairment: a systematic review and meta-analysis. Alzheimers Dement. 19, 3235-3243.
doi: 10.1002/alz.13040

Jiao, B., Li, R., Zhou, H., Qing, K., Liu, H., Pan, H.,, et al. (2023). Neural biomarker
diagnosis and prediction to mild cognitive impairment and Alzheimer’s disease using
EEG technology. Alzheimers Res. Ther. 15:32. doi: 10.1186/s13195-023-01181-1

Jun, M.-H., Ku, B., Kim, K., Lee, K. H., and Kim, J. U. (2024). A screening method for
mild cognitive impairment in elderly individuals combining bioimpedance and MMSE.
Front. Aging Neurosci. 16. doi: 10.3389/fnagi.2024.1307204

Karimi, L., A. Mahboub-AhariKarimi, L., Mahboub-Ahari, A., Jahangiry, L.,
Sadeghi-Bazargani, H., and Farahbakhsh, M. (2022). A systematic review and meta-
analysis of studies on screening for mild cognitive impairment in primary healthcare.
BMC Psychiatry 22, 97-16. doi: 10.1186/512888-022-03730-8

Kemp, A. H., Quintana, D. S., Gray, M. A., Felmingham, K. L., Brown, K., and
Gatt, J. M. (2010). Impact of depression and antidepressant treatment on heart rate
variability: a review and meta-analysis. Biol. Psychiatry 67, 1067-1074. doi: 10.1016/j.
biopsych.2009.12.012

Kuan, Y. C,, Huang, L. K., Wang, Y. H., Hu, C. ], Tseng, I.-]., Chen, H. C,, et al. (2021).
Balance and gait performance in older adults with early-stage cognitive impairment. Eur.
J. Phys. Rehabil. Med. 57, 560-567. doi: 10.23736/5S1973-9087.20.06550-8

Laborde, S., Mosley, E., and Thayer, J. F. (2017). Heart rate variability and cardiac vagal
tone in psychophysiological research - recommendations for experiment planning, data
analysis, and data reporting. Front. Psychol. 8:213. doi: 10.3389/fpsyg.2017.00213

Lang, L., Clifford, A., Wei, L., Zhang, D., Leung, D., Augustine, G., et al. (2017). Prevalence
and determinants of undetected dementia in the community: a systematic literature review
and a meta-analysis. BMJ Open 7:¢011146. doi: 10.1136/bmjopen-2016-011146

Langa, K. M., and Levine, D. A. (2014). The diagnosis and management of mild
cognitive impairment: a clinical review. JAMA 312, 2551-2561. doi: 10.1001/
jama.2014.13806

Li, X., Cao, M., Zhang, J., Chen, K., Chen, Y., Ma, C,, et al. (2014). Structural and
functional brain changes in the default mode network in subtypes of amnestic mild
cognitive impairment. J. Geriatr. Psychiatry Neurol. 27, 188-198. doi:
10.1177/0891988714524629

Li, W, Li, Y., Chen, Y., Yue, L., and Xiao, S. (2022). Association between physical
exercise, executive function, and cerebellar cortex: a cross-sectional study among the
elderly in Chinese communities. Front. Aging Neurosci. 14:975329. doi: 10.3389/
fnagi.2022.975329

Lin, F, Ren, P, Lo, R. Y., Chapman, B. P, Jacobs, A., Baran, T. M, et al. (2017a). Insula
and inferior frontal gyrus’ activities protect memory performance against Alzheimer’s
disease pathology in old age. J. Alzheimers Dis. 55, 669-678. doi: 10.3233/JAD-160715

Lin, E, Ren, P,, Wang, X., Anthony, M., Tadin, D., and Heffner, K. L. (2017b). Cortical
thickness is associated with altered autonomic function in cognitively impaired and
non-impaired older adults. J. Physiol. 595, 6969-6978. doi: 10.1113/JP274714

Lipponen, J. A., and Tarvainen, M. P. (2019). A robust algorithm for heart rate

variability time series artefact correction using novel beat classification. J. Med. Eng.
Technol. 43, 173-181. doi: 10.1080/03091902.2019.1640306

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1498687
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.arr.2016.09.005
https://doi.org/10.1016/S0025-6196(12)62272-1
https://doi.org/10.1016/S0025-6196(12)62272-1
https://doi.org/10.1002/gps.5474
https://doi.org/10.1002/gps.5016
https://doi.org/10.1249/01.MSS.0000121956.76237.B5
https://doi.org/10.1249/01.MSS.0000121956.76237.B5
https://doi.org/10.1016/j.surg.2015.12.029
https://doi.org/10.1177/0004867420976853
https://doi.org/10.1097/01.hjh.0000549070.47852.82
https://doi.org/10.1136/bmjopen-2016-012799
https://doi.org/10.1249/01.mss.0000078924.61453.fb
https://doi.org/10.1249/01.mss.0000078924.61453.fb
https://doi.org/10.2174/1567205014666170531082352
https://doi.org/10.2174/1567205014666170531082352
https://doi.org/10.1016/j.biopsycho.2006.04.008
https://doi.org/10.1016/j.jamda.2020.08.031
https://doi.org/10.1007/s40279-019-01061-5
https://doi.org/10.1007/s40279-019-01061-5
https://doi.org/10.1016/j.jad.2018.08.077
https://doi.org/10.1016/j.jad.2018.08.077
https://doi.org/10.3389/fpubh.2017.00240
https://doi.org/10.1007/s10389-007-0142-0
https://doi.org/10.3389/fnins.2019.00710
https://doi.org/10.1007/s00421-015-3303-9
https://doi.org/10.1007/s00421-015-3303-9
https://doi.org/10.1055/s-0042-1758862
https://doi.org/10.1136/bmjopen-2020-046879
https://doi.org/10.1186/s11556-021-00278-6
https://doi.org/10.1186/s11556-021-00278-6
https://doi.org/10.1016/j.psychres.2015.02.005
https://doi.org/10.1249/MSS.0b013e318276c73c
https://doi.org/10.1348/014466505X29657
https://doi.org/10.1016/j.jshs.2021.05.003
https://doi.org/10.1002/alz.13040
https://doi.org/10.1186/s13195-023-01181-1
https://doi.org/10.3389/fnagi.2024.1307204
https://doi.org/10.1186/s12888-022-03730-8
https://doi.org/10.1016/j.biopsych.2009.12.012
https://doi.org/10.1016/j.biopsych.2009.12.012
https://doi.org/10.23736/S1973-9087.20.06550-8
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.1136/bmjopen-2016-011146
https://doi.org/10.1001/jama.2014.13806
https://doi.org/10.1001/jama.2014.13806
https://doi.org/10.1177/0891988714524629
https://doi.org/10.3389/fnagi.2022.975329
https://doi.org/10.3389/fnagi.2022.975329
https://doi.org/10.3233/JAD-160715
https://doi.org/10.1113/JP274714
https://doi.org/10.1080/03091902.2019.1640306

Czopek-Rowinska et al.

Liu, K. Y,, Elliott, T., Knowles, M., and Howard, R. (2022). Heart rate variability in
relation to cognition and behavior in neurodegenerative diseases: a systematic review
and meta-analysis. Ageing Res. Rev. 73:101539. doi: 10.1016/j.arr.2021.101539

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al.
(2020). Dementia prevention, intervention, and care: 2020 report of the lancet
commission. Lancet 396, 413-446. doi: 10.1016/S0140-6736(20)30367-6

Lovibond, S. H. (1995). Manual for the depression anxiety stress scales. Sydney:
Sydney psychology foundation.

Lovibond, P. E, and Lovibond, S. H. (1995). The structure of negative emotional states:
comparison of the depression anxiety stress scales (DASS) with the Beck depression and
anxiety inventories. Behav. Res. Ther. 33, 335-343. doi: 10.1016/0005-7967(94)00075-U

Magno, M., Martins, A. I, Pais, ], Silva, A. G., and Rocha, N. P. (2024). Diagnostic
accuracy of digital solutions for screening for cognitive impairment: a systematic review
and Meta-analysis. Appl. Sci. 14. doi: 10.3390/app14062640

Makarewicz, A., Jamka, M.,  Wasiewicz-Gajdzis, M., Bajerska, ],
Miskiewicz-Chotnicka, A., Kwiecien, J., et al. (2021). Comparison of subjective and
objective methods to measure the physical activity of non-depressed middle-aged healthy
subjects with normal cognitive function and mild cognitive impairment—a cross-sectional
study. Int. J. Environ. Res. Public Health 18:8042. doi: 10.3390/ijerph18158042

Malik, M. (1996). Task force of the European society of cardiology and the north
American society of pacing and electrophysiology. Heart rate variability. Standards of
measurement, physiological interpretation, and clinical use. Eur. Heart J. 17, 354-381.
doi: 10.1093/oxfordjournals.eurheartj.a014868

Manser, P, and de Bruin, E. D. (2024a). Brain-IT: Exergame training with biofeedback
breathing in neurocognitive disorders. Alzheimers Dement. 20, 4747-4764. doi: 10.1002/
alz.13913

Manser, P,, and de Bruin, E. D. (2024b). Diagnostic accuracy, reliability, and construct
validity of the German quick mild cognitive impairment screen. BMC Geriatr. 24:613.
doi: 10.1186/s12877-024-05219-3

Manser, P, and De Bruin, E. D. (2024c). Test-retest reliability and validity of vagally-
mediated heart rate variability to monitor internal training load in older adults: a
repeated-measures randomized study. BMC Sports Sci Med Rehabil 16:141. doi: 10.1186/
513102-024-00929-y

Manser, P,, Herold, F,, and de Bruin, E. D. (2024). Components of effective Exergame-
based training to improve cognitive functioning in middle-aged to older adults - a
systematic review and Meta-analysis. Ageing Res. Rev. 99:102385. doi: 10.1016/j.
arr.2024.102385

Manser, P, Michels, L., Schmidt, A., Barinka, F, and de Bruin, E. D. (2023a).
Effectiveness of an individualized Exergame-based motor-cognitive training concept
targeted to improve cognitive functioning in older adults with mild neurocognitive
disorder: study protocol for a randomized controlled trial. JMIR Res Protoc 12:e41173.
doi: 10.2196/41173

Manser, P, Poikonen, H., and de Bruin, E. D. (2023b). Feasibility, usability, and
acceptance of “brain-IT”—a newly developed exergame-based training concept for the
secondary prevention of mild neurocognitive disorder: a pilot randomized controlled
trial. Front. Aging Neurosci. 15. doi: 10.3389/fnagi.2023.1163388

Menzel-Begemann, A. (2009). Organization of Action and Daily Planning Test
Procedure for Assessing the Ability to Plan in Everyday Life. Gottingen, Germany:
Hogrefe Publishing Group.

Montemurro, S., Filippini, N., Ferrazzi, G., Mantini, D., Arcara, G., and Marino, M.
(2023). Education differentiates cognitive performance and resting state fMRI
connectivity in healthy aging. Front. Aging Neurosci. 15:1168576. doi: 10.3389/
fnagi.2023.1168576

Mosconi, L. (2005). Brain glucose metabolism in the early and specific diagnosis of
Alzheimer’s disease: FDG-PET studies in MCI and AD. Eur. J. Nucl. Med. Mol. Imaging
32, 486-510. doi: 10.1007/s00259-005-1762-7

Mueller, S. T. (2014). "PEBL: The psychology experiment building language (version
0.14) [computer experiment programming language]." Available from http://pebl.
sourceforge.net (Accessed on Jan 2020.)

Mueller, S. T., and Piper, B. J. (2014). The psychology experiment building language
(PEBL) and PEBL test battery. J. Neurosci. Methods 222, 250-259. doi: 10.1016/j.
jneumeth.2013.10.024

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,
Collin, I, et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool
for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695-699. doi:
10.1111/j.1532-5415.2005.53221.x

Nicolini, P,, Lucchi, T., Abbate, C., Inglese, S., Tomasini, E., Mari, D,, et al. (2022).
Autonomic function predicts cognitive decline in mild cognitive impairment: evidence
from power spectral analysis of heart rate variability in a longitudinal study. Front. Aging
Neurosci. 14:886023. doi: 10.3389/fnagi.2022.886023

Nilges, P, and Essau, C. (2015). Depression, anxiety and stress scales: DASS—A
screening procedure not only for pain patients. Schmerz 29, 649-657. doi: 10.1007/
500482-015-0019-z

Niskanen, J.-P,, Tarvainen, M. P, Ranta-aho, P. O., and Karjalainen, P. A. (2004).
Software for advanced HRV analysis. Comput. Methods Prog. Biomed. 76, 73-81. doi:
10.1016/j.cmpb.2004.03.004

Frontiers in Aging Neuroscience

11

10.3389/fnagi.2024.1498687

Nunan, D., Donovan, G., Jakovljevic, D. G., Hodges, L. D., Sandercock, G. R., and
Brodie, D. A. (2009). Validity and reliability of short-term heart-rate variability from the
polar S810. Med. Sci. Sports Exerc. 41, 243-250. doi: 10.1249/MSS.0b013¢318184a4b1

World Health Organization. (2018). "ICD-11 International Classification of Diseases
11th Revision The global standard for diagnostic health information." Retrieved from
https://icd.who.int/en (Accessed on 04.08.2023, 2023)

Ozer, S., Young, J., Champ, C., and Burke, M. (2016). A systematic review of the
diagnostic test accuracy of brief cognitive tests to detect amnestic mild cognitive
impairment. Int. J. Geriatr. Psychiatry 31, 1139-1150. doi: 10.1002/gps.4444

Papaliagkas, V., Kalinderi, K., Vareltzis, P, Moraitou, D., Papamitsou, T., and
Chatzidimitriou, M. (2023). CSF biomarkers in the early diagnosis of mild cognitive
impairment and Alzheimer’s disease. Int. J. Mol. Sci. 24:8976. doi: 10.3390/ijms24108976

Petersen, R. C,, Lopez, O., Armstrong, M. J., Getchius, T. S. D., Ganguli, M., Gloss, D.,
etal. (2018). Practice guideline update summary: mild cognitive impairment: report of
the guideline development, dissemination, and implementation Subcommittee of the
American Academy of neurology. Neurology 90, 126-135. doi: 10.1212/
‘WNL.0000000000004826

Pieruccini-Faria, F, Black, S. E., Masellis, M., Smith, E. E., Almeida, Q. J., Li, K. Z.,
et al. (2021). Gait variability across neurodegenerative and cognitive disorders: results
from the Canadian consortium of neurodegeneration in aging (CCNA) and the gait and
brain study. Alzheimers Dement. 17, 1317-1328. doi: 10.1002/alz.12298

Polyakova, M., Sonnabend, N., Sander, C., Mergl, R., Schroeter, M. L., Schroeder, J.,
et al. (2014). Prevalence of minor depression in elderly persons with and without mild
cognitive impairment: a systematic review. J. Affect. Disord. 152, 28-38. doi: 10.1016/j.
jad.2013.09.016

Prince, M. J., Wimo, A., Guerchet, M. M., Ali, G. C., Wu, Y.-T,, and Prina, M. (2015).
World Alzheimer report 2015 - The global impact of dementia: an analysis of prevalence,
incidence, cost and trends. Alzheimer’s Disease International. http://www.alz.co.uk/
research/world-report-2015

Radanovic, M., Oshiro, C. A., Freitas, T. Q., Talib, L. L., and Forlenza, O. V. (2019).
Correlation between CSF biomarkers of Alzheimer’s disease and global cognition in a
psychogeriatric  clinic cohort. Brazilian ]. Psychiatry 41, 479-484. doi:
10.1590/1516-4446-2018-0296

Ramirez, E, and Gutiérrez, M. (2021). Dual-task gait as a predictive tool for cognitive
impairment in older adults: a systematic review. Front. Aging Neurosci. 13. doi: 10.3389/
fnagi.2021.769462

Sabbagh, M. N., Boada, M., Borson, S., Chilukuri, M., Doraiswamy, P., Dubois, B.,
et al. (2020). Rationale for early diagnosis of mild cognitive impairment (MCI)
supported by emerging digital technologies. J. Prev Alzheimers Dis. 7, 158-164. doi:
10.14283/jpad.2020.19

Shaffer, F, and Ginsberg, J. P. (2017). An overview of heart rate variability metrics and
norms. Front. Public Health 5:258. doi: 10.3389/fpubh.2017.00258

Shaffer, E, McCraty, R., and Zerr, C. L. (2014). A healthy heart is not a metronome:
an integrative review of the heart's anatomy and heart rate variability. Front. Psychol.
5:1040. doi: 10.3389/fpsyg.2014.01040

Shah, H., Albanese, E., Duggan, C., Rudan, I, Langa, K. M., Carrillo, M. C,, et al.
(2016). Research priorities to reduce the global burden of dementia by 2025. Lancet
Neurol. 15, 1285-1294. doi: 10.1016/S1474-4422(16)30235-6

Shouman, K., and Benarroch, E. E. (2021). “Central autonomic network” in
Autonomic nervous system and sleep: Order and disorder. eds. S. Chokroverty and P.
Cortelli (Cham: Springer International Publishing), 9-18.

Song, D., Yu, D. S., Li, P. W,, and Sun, Q. (2019). Identifying the factors related to
depressive symptoms amongst community-dwelling older adults with mild cognitive
impairment. Int. . Environ. Res. Public Health 16:3449. doi: 10.3390/ijerph16183449

Stein, P. K., Barzilay, J. I, Chaves, P. H., Domitrovich, P. P, and Gottdiener, J. S. (2009).
Heart rate variability and its changes over 5 years in older adults. Age Ageing 38,
212-218. doi: 10.1093/ageing/afn292

Stern, Y. (2012). Cognitive reserve in ageing and Alzheimer's disease. Lancet Neurol.
11, 1006-1012. doi: 10.1016/S1474-4422(12)70191-6

Stern, Y., Arenaza-Urquijo, E. M., Bartrés-Faz, D., Belleville, S., Cantilon, M.,
Chetelat, G., et al. (2020). Whitepaper: defining and investigating cognitive reserve,
brain reserve, and brain maintenance. Alzheimers Dement. 16, 1305-1311. doi: 10.1016/j.
jalz.2018.07.219

Talwar, P,, Kushwaha, S., Chaturvedi, M., and Mahajan, V. (2021). Systematic review
of different neuroimaging correlates in mild cognitive impairment and Alzheimer’s
disease. Clin. Neuroradiol. 31, 1-15. doi: 10.1007/s00062-021-01057-7

Tarvainen, M. P, Lipponen, J., Niskanen, J. P,, and Ranta-aho, P. O. (2018). Kubios
HRV (ver. 3.1) User’s guide. Kubios Oy. http://www.kubios.com/downloads/Kubios_
HRV_Users_Guide_3_1_0.pdf [accessed 2020-08-12]

Tarvainen, M. P, Niskanen, J.-P, Lipponen, J. A. Ranta-Aho, P. O., and
Karjalainen, P. A. (2014). Kubios HRV-heart rate variability analysis software. Comput.
Methods Prog. Biomed. 113, 210-220. doi: 10.1016/j.cmpb.2013.07.024

Tarvainen, M. P, Ranta-Aho, P. O., and Karjalainen, P. A. (2002). An advanced
detrending method with application to HRV analysis. IEEE Trans. Biomed. Eng. 49,
172-175. doi: 10.1109/10.979357

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1498687
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.arr.2021.101539
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/0005-7967(94)00075-U
https://doi.org/10.3390/app14062640
https://doi.org/10.3390/ijerph18158042
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868
https://doi.org/10.1002/alz.13913
https://doi.org/10.1002/alz.13913
https://doi.org/10.1186/s12877-024-05219-3
https://doi.org/10.1186/s13102-024-00929-y
https://doi.org/10.1186/s13102-024-00929-y
https://doi.org/10.1016/j.arr.2024.102385
https://doi.org/10.1016/j.arr.2024.102385
https://doi.org/10.2196/41173
https://doi.org/10.3389/fnagi.2023.1163388
https://doi.org/10.3389/fnagi.2023.1168576
https://doi.org/10.3389/fnagi.2023.1168576
https://doi.org/10.1007/s00259-005-1762-7
http://pebl.sourceforge.net
http://pebl.sourceforge.net
https://doi.org/10.1016/j.jneumeth.2013.10.024
https://doi.org/10.1016/j.jneumeth.2013.10.024
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.3389/fnagi.2022.886023
https://doi.org/10.1007/s00482-015-0019-z
https://doi.org/10.1007/s00482-015-0019-z
https://doi.org/10.1016/j.cmpb.2004.03.004
https://doi.org/10.1249/MSS.0b013e318184a4b1
https://icd.who.int/en
https://doi.org/10.1002/gps.4444
https://doi.org/10.3390/ijms24108976
https://doi.org/10.1212/WNL.0000000000004826
https://doi.org/10.1212/WNL.0000000000004826
https://doi.org/10.1002/alz.12298
https://doi.org/10.1016/j.jad.2013.09.016
https://doi.org/10.1016/j.jad.2013.09.016
http://www.alz.co.uk/research/world-report-2015
http://www.alz.co.uk/research/world-report-2015
https://doi.org/10.1590/1516-4446-2018-0296
https://doi.org/10.3389/fnagi.2021.769462
https://doi.org/10.3389/fnagi.2021.769462
https://doi.org/10.14283/jpad.2020.19
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.3389/fpsyg.2014.01040
https://doi.org/10.1016/S1474-4422(16)30235-6
https://doi.org/10.3390/ijerph16183449
https://doi.org/10.1093/ageing/afn292
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1016/j.jalz.2018.07.219
https://doi.org/10.1016/j.jalz.2018.07.219
https://doi.org/10.1007/s00062-021-01057-7
http://www.kubios.com/downloads/Kubios_HRV_Users_Guide_3_1_0.pdf
http://www.kubios.com/downloads/Kubios_HRV_Users_Guide_3_1_0.pdf
https://doi.org/10.1016/j.cmpb.2013.07.024
https://doi.org/10.1109/10.979357

Czopek-Rowinska et al.

Terwee, C. B., Bot, S. D., de Boer, M. R., van der Windt, D. A., Knol, D. L.,
Dekker, J., et al. (2007). Quality criteria were proposed for measurement properties
of health status questionnaires. J. Clin. Epidemiol. 60, 34-42. doi: 10.1016/j.
jclinepi.2006.03.012

Thayer, J. E (2009). “Heart rate variability: A neurovisceral integration model,” in
Encyclopedia of Neuroscience, R. S. Larry, Amsterdam: Encyclopedia of Neuroscience
via Elsevier, 1041-1047.

Thayer, J. E, Ahs, F, Fredrikson, M., Sollers, J. J. 11, and Wager, T. D. (2012). A meta-
analysis of heart rate variability and neuroimaging studies: implications for heart rate
variability as a marker of stress and health. Neurosci. Biobehav. Rev. 36, 747-756. doi:
10.1016/j.neubiorev.2011.11.009

Thayer, J. E, and Lane, R. D. (2000). A model of neurovisceral integration in emotion
regulation and dysregulation. J. Affect. Disord. 61, 201-216. doi: 10.1016/
S0165-0327(00)00338-4

Van Dam, N. T,, Sano, M., Mitsis, E. M., Grossman, H. T., Gu, X., Park, Y., et al. (2013).
Functional neural correlates of attentional deficits in amnestic mild cognitive
impairment. PLoS One 8:¢54035. doi: 10.1371/journal.pone.0054035

Veronese, N., Soysal, P, Demurtas, J., Solmi, M., and Bruyére, O. (2023). Physical
activity and exercise for the prevention and management of mild cognitive impairment
and dementia: a collaborative international guideline. European Geriatric Med. 14,
925-952. doi: 10.1007/s41999-023-00858-y

Vicini-Chilovi, B, Riva, M., Conti, M., Zanetti, M., Caratozzolo, S., Mombelli, G.,
et al. (2010). Does age at observation time affect the clinical presentation of mild
cognitive impairment? Dement. Geriatr. Cogn. Disord. 30, 212-218. doi:
10.1159/000318839

Voss, A., Heitmann, A., Schroeder, R., Peters, A., and Perz, S. (2012). Short-term heart
rate variability—age dependence in healthy subjects. Physiol. Meas. 33, 1289-1311. doi:
10.1088/0967-3334/33/8/1289

Voss, A., Schroeder, R., Heitmann, A., Peters, A., and Perz, S. (2015). Short-term heart
rate variability—influence of gender and age in healthy subjects. PLoS One 10:e0118308.
doi: 10.1371/journal.pone.0118308

Frontiers in Aging Neuroscience

12

10.3389/fnagi.2024.1498687

Williams, D. P, Jarczok, M. N,, Ellis, R. ], Hillecke, T. K., Thayer, J. E, and Koenig, J.
(2017). Two-week test-retest reliability of the polar® RS800CX™ to record heart rate
variability. Clin. Physiol. Funct. Imaging 37, 776-781. doi: 10.1111/cpf.12321

Wilson, J., Allcock, L., Mc Ardle, R., Taylor, J. P, and Rochester, L. (2019). The neural
correlates of discrete gait characteristics in ageing: a structured review. Neurosci.
Biobehav. Rev. 100, 344-369. doi: 10.1016/j.neubiorev.2018.12.017

Xu, W, Chen, S., Xue, C., Hu, G., Ma, W,, Qi, W, et al. (2020). Functional MRI-specific
alterations in executive control network in mild cognitive impairment: an ALE meta-
analysis. Front. Aging Neurosci. 12:578863. doi: 10.3389/fnagi.2020.578863

Ye, Q., Su, E, Gong, L., Shu, H,, Liao, W,, Xie, C,, et al. (2017). Divergent roles of
vascular burden and neurodegeneration in the cognitive decline of geriatric depression
patients and mild cognitive impairment patients. Front. Aging Neurosci. 9:288. doi:
10.3389/fnagi.2017.00288

Yetkin, E. Z., Rosenberg, R. N., Weiner, M. E, Purdy, P. D., and Cullum, C. M. (2006).
FMRI of working memory in patients with mild cognitive impairment and probable
Alzheimer’s disease. Eur. Radiol. 16, 193-206. doi: 10.1007/s00330-005-2794-x

Yeung, M. K., and Chan, A. S. (2020). Functional near-infrared spectroscopy reveals
decreased resting oxygenation levels and task-related oxygenation changes in mild
cognitive impairment and dementia: a systematic review. J. Psychiatr. Res. 124, 58-76.
doi: 10.1016/j.jpsychires.2020.02.017

Yoon, J. A, Kong, I. ], Choi, J., Baek, J. Y., Kim, E. J., Shin, Y.-I, et al. (2019). Neural
compensatory response during complex cognitive function tasks in mild cognitive
impairment: a near-infrared spectroscopy study. Neural Plast. doi: 10.1155/2019/7845104

Youden, W. J. (1950). Index for rating diagnostic tests. Cancer 3, 32-35. doi:
10.1002/1097-0142(1950)3:1<32::AID-CNCR2820030106>3.0.CO;2-3

Zhang, Y.-R., Xu, W,, Zhang, W,, Wang, H.-E, Ou, Y.-N,, Qu, Y,, et al. (2022).
Modifiable risk factors for incident dementia and cognitive impairment: an umbrella
review of evidence. J. Affect. Disord. 314, 160-167. doi: 10.1016/j.jad.2022.07.008

Zhou, C,, Yang, C., Ai, Y., Fang, X,, Zhang, A., Wang, Y., et al. (2024). Valid olfactory
impairment tests can help identify mild cognitive impairment: an updated meta-
analysis. Front. Aging Neurosci. 16. doi: 10.3389/fnagi.2024.1349196

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1498687
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jclinepi.2006.03.012
https://doi.org/10.1016/j.jclinepi.2006.03.012
https://doi.org/10.1016/j.neubiorev.2011.11.009
https://doi.org/10.1016/S0165-0327(00)00338-4
https://doi.org/10.1016/S0165-0327(00)00338-4
https://doi.org/10.1371/journal.pone.0054035
https://doi.org/10.1007/s41999-023-00858-y
https://doi.org/10.1159/000318839
https://doi.org/10.1088/0967-3334/33/8/1289
https://doi.org/10.1371/journal.pone.0118308
https://doi.org/10.1111/cpf.12321
https://doi.org/10.1016/j.neubiorev.2018.12.017
https://doi.org/10.3389/fnagi.2020.578863
https://doi.org/10.3389/fnagi.2017.00288
https://doi.org/10.1007/s00330-005-2794-x
https://doi.org/10.1016/j.jpsychires.2020.02.017
https://doi.org/10.1155/2019/7845104
https://doi.org/10.1002/1097-0142(1950)3:1<32::AID-CNCR2820030106>3.0.CO;2-3
https://doi.org/10.1016/j.jad.2022.07.008
https://doi.org/10.3389/fnagi.2024.1349196

	Diagnostic accuracy of heart rate variability as a screening tool for mild neurocognitive disorder
	1 Introduction
	1.1 Background
	1.2 Objectives

	2 Materials and methods
	2.1 Study design and setting
	2.2 Eligibility criteria
	2.3 Sample size
	2.4 Outcomes
	2.4.1 Primary outcome: vagally mediated HRV
	2.4.2 Secondary outcomes: executive functions and depression
	2.4.3 Baseline factors
	2.5 Statistics
	2.5.1 Primary outcome: diagnostic accuracy of vm-HRV
	2.5.2 Secondary outcome: vm-HRV and executive functions and depression

	3 Results
	3.1 Baseline data
	3.2 Primary outcome: diagnostic accuracy of vm-HRV
	3.3 Secondary outcome: vm-HRV and executive functions and depression

	4 Discussion
	4.1 Diagnostic accuracy of vm-HRV
	4.2 Vm-HRV and executive functions and depression
	4.3 Generalizability of the findings
	4.4 Implication for research
	4.5 Strengths and limitations of the study and future research

	5 Conclusion

	References

