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Abstract: Older adults with amnestic mild cognitive impairment (aMCI) who in addition to their
memory deficits also suffer from frontal-executive dysfunctions have a higher risk of developing
dementia later in their lives than older adults with aMCI without executive deficits and older
adults with non-amnestic MCI (naMCI). Handgrip strength (HGS) is also correlated with the risk
of cognitive decline in the elderly. Hence, the current study aimed to investigate the associations
between HGS and executive functioning in individuals with aMCI, naMCI and healthy controls.
Older, right-handed adults with amnestic MCI (aMCI), non-amnestic MCI (naMCI), and healthy
controls (HC) conducted a handgrip strength measurement via a handheld dynamometer. Executive
functions were assessed with the Trail Making Test (TMT A&B). Normalized handgrip strength
(nHGS, normalized to Body Mass Index (BMI)) was calculated and its associations with executive
functions (operationalized through z-scores of TMT B/A ratio) were investigated through partial
correlation analyses (i.e., accounting for age, sex, and severity of depressive symptoms). A positive
and low-to-moderate correlation between right nHGS (rp (22) = 0.364; p = 0.063) and left nHGS
(rp (22) = 0.420; p = 0.037) and executive functioning in older adults with aMCI but not in naMCI
or HC was observed. Our results suggest that higher levels of nHGS are linked to better executive
functioning in aMCI but not naMCI and HC. This relationship is perhaps driven by alterations in
the integrity of the hippocampal-prefrontal network occurring in older adults with aMCI. Further
research is needed to provide empirical evidence for this assumption.

Keywords: MCI; hippocampal-prefrontal network; handgrip strength; exercise cognition; aging;
brain health

1. Introduction

Handgrip strength was found to be an important marker of health in general [1–4]
and brain health in particular [5–7]. Indeed, a stronger handgrip has been linked to
superior cognitive performance in younger adults [8], in middle-aged adults [9], and in
older adults [10–18]. Furthermore, in older adults, higher levels of handgrip strength are
associated with lesser cognitive decline during aging [19–26]. In sum, these studies suggest
that a relationship between measures of handgrip strength and cognitive performance
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exists. Hence, handgrip strength may be a clinically useful marker to identify individuals
at high risk of developing mild cognitive impairment (MCI) [27,28], and/or dementia (e.g.,
Alzheimer’s Disease) [29,30].

However, the majority of the mentioned studies used rather global measures of cog-
nitive performance (e.g., Mini-Mental State Examination (MMSE)) [19,20,22,24–26] while
the empirical evidence regarding the association of handgrip strength with specific cog-
nitive domains (e.g., executive functions) is not exhaustive. Interestingly, there is some
evidence that executive functions, especially task switching and cognitive flexibility, are
compromised in older individuals with amnestic MCI (aMCI) [31–33]. Importantly, older
adults with aMCI who in addition to their memory deficits suffer from a frontal-executive
dysfunction have a higher risk of developing dementia compared to older adults with
aMCI with additional visuospatial or language dysfunction [34].

To allow a timely initiation of interventions aiming to lower the burdens of neuro-
logical disorders (e.g., dementia), an early identification of adults being at a high risk of
developing them (e.g., older adults with aMCI and executive dysfunction) is mandatory.
Notably, in the literature, the hypothesis that motoric measures (e.g., handgrip strength)
and higher-order cognitive functions (e.g., executive functions) share a set of common neu-
ral substrates (e.g., frontal cortex, hippocampus) was proposed [5]. Accordingly, motoric
measures (e.g., handgrip strength) might be a valuable and easily applicable parameter
to identify adults at higher risk of developing neurological disorders such as MCI [27,28]
and/or dementia [29,30]. In this context, and with regard to the idea of shared neural
substrates, there is evidence in the literature (i) that the hippocampus is involved in mem-
ory and executive functions in adults [35–37] and (ii) that handgrip strength is related to
the (right) hippocampal volume in healthy adults and in adults with a major depressive
disorder [38]. These findings suggest that the hippocampus could be, among other brain
structures such as the frontal cortex, a neural substrate that is shared by higher-order cog-
nitive functions (i.e., executive functions) and motoric measures (i.e., handgrip strength).
Moreover, there is evidence that the hippocampal volume is influenced by the subtype of
MCI as it was observed that older adults with aMCI have a lower hippocampal volume
as compared to older adults with naMCI [39]. Whether such a difference in the shared
neural substrate (e.g., hippocampal volume) is also mirrored in behavioral performance
(i.e., the relationship between measures of executive functions and handgrip strength) has
not been extensively studied. Again, an early recognition of adults being at high risk of
developing dementia (e.g., older adults with aMCI and executive dysfunction) is essential
to initiate appropriate interventions, and thus the investigation of possible relationships
between measures of handgrip strength and executive functioning in older adults with
different subtypes of MCI is of great practical relevance. Hence, this study aims to in-
vestigate the relationships between measures of handgrip strength (i.e., assessed with a
handheld dynamometer) and executive functioning (i.e., operationalized as performance
in Trail Making Test (TMT)) in older adults with different subtypes of MCI (amnestic and
non-amnestic) and healthy older adults. Based on the available evidence [10–16,19–25], we
hypothesize that positive correlations between measures of HGS and executive functioning
exist, and that the magnitude of the associations might be a function of the cognitive status
of the older adults.

2. Materials and Methods
2.1. Participants

In the current study, older adults with aMCI, naMCI, and healthy controls (HC) were
recruited as part of a larger project (MyFit study [40]) through advertisements in local
newspapers, flyers, posters, word of mouth, and by using existing databases. After re-
cruitment, the individuals were screened for eligibility based on the following inclusion
criteria: (i) 50 to 80 years old, (ii) native German-speaking, and (iii) able to manage every-
day activities independently. Individuals who had poor or uncorrected vision/hearing
or color weakness/blindness, and/or suffer from (a) severe psychiatric disorders (e.g.,
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bipolar disorder) or depression (assessed via the Geriatric Depression Scale (GDS; 15 items;
cut-off score ≥ 6) [41]), (b) severe orthopaedic diseases (e.g., a bone fracture in last six
months, herniated vertebral disc), (c) severe muscular diseases (e.g., myositis, tendovagini-
tis), (d) severe cardiovascular diseases (e.g., heart insufficiency), (e) severe endocrino-
logic diseases (e.g., manifest hypothyroidism or hyperthyroidism, insulin dependent di-
abetes mellitus type II, BMI > 30), (f) neurological diseases other than MCI (e.g., stroke,
epilepsy, Multiple Sclerosis), (g) major injury or had major surgery in the last six months,
and/or use neuroleptics, narcotic analgesics, benzodiazepines, or psychoactive medications,
and/or consume illegal intoxicants and/or have an alcohol abuse, and (h) are pregnant
were excluded.

As shown in Figure 1, three participants of the MCI groups and three participants of
the HC group were excluded from the analysis due to the severity of depressive symptoms.
Due to diseases of the hands, three participants from the MCI group were also excluded.
Furthermore, only right-handers were included in the analysis who were determined by
the short version (10 items) of the Edinburgh Handedness Inventory [42] (EHI; cut-off
score ≥50 indicated right-handedness; <50 to >−50 indicate ambidextrous handedness;
≤−50 indicated left-handedness [43]). Hence, due to left-handedness, six participants in
the MCI groups and four participants in the HC group were excluded from the analysis
(see Figure 1).

Figure 1. Flow diagram that schematically depicts the selection processes (from screening to assess
eligibility to the final inclusion in the statistical analysis) and the reasons for exclusion. aMCI: amnestic
mild cognitive impairment; CERAD: Alzheimer’s Disease Consortium to Establish a Registry test
battery; HC: healthy controls; naMCI: non-amnestic mild cognitive impairment.
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To identify older adults with MCI the general recommendations of Winblad et al. [44]
and Peterson et al. [45], who define MCI as cognitive performance below the age-appropriate
level without symptoms indicating the presence of manifest dementia (DSM IV, ICD 10)
were followed. Accordingly, individuals with MCI were characterized by (i) the preserva-
tion of basic activities of daily living and minimal impairment in complex instrumental
functions, (ii) a self and/or informant-reported impairment on objective cognitive tasks,
and/or (iii) evidence of decline over time on objective cognitive tasks [44]. To screen for
these criteria, the Alzheimer’s Disease Consortium to Establish a Registry (CEARD) Plus
test battery was used [46] and mild cognitive impairment was operationalized by an under
average performance (i.e., a performance below −1.5 SD in the age, sex, and education-
adjusted z-value) in at least one subtest of the CEARD Plus test battery while minimum
performance in the MMSE as part of the CERAD was set at 24 and above (to exclude cases
of dementia) [47]. As recommended [44], participants meeting these criteria were referred
to an experienced neurologist who verified (or refuted) the diagnosis of MCI. Furthermore,
the neurologist performed a standard clinical examination thereby ensuring that handgrip
strength was not influenced by diseases such as polyneuropathy or myopathy. Participants
not meeting the clinical criteria of MCI were allocated to the HC group if they wanted to
participate further (see Figure 1).

The performance (i.e., saving score) of the delayed recall trial of the Wordlist and
Figure episodic memory test (included in the CERAD test battery) were used as criteria to
differentiate between aMCI and naMCI. In accordance with the recommendations in the
literature, participants with a performance below −1.5 SD in the age, sex, and education-
adjusted z-value in at least one of these two cognitive subtests of the CERAD test battery
were classified as aMCI [48]. Please note that this study is part of a larger project (MyFit
study [40]) and in the current study we performed the analysis of selected and secondary
outcome measures of this larger trial. Thus, no additional sample size calculation was
performed as the available data of participants who had been recruited for the MyFit study
were used (see reference [40] for more detailed information and sample size calculation of
the MyFit study).

2.2. Assessment of Cognitive Performance and Handgrip Strength

As the data presented in this study were collected in the context of a larger project
(MyFit project [40]), the participants were asked to visit our laboratory several times as
described elsewhere [40]. In this study, the parameters of interest were executive func-
tioning (assessed via Trail Making Test) and handgrip strength (assessed with a handheld
dynamometer (Trailite TL-LSC100, LiteXpress GmbH, Ahaus, Germany), and thus only
these measures are reported in more detail.

The Trail Making Test (TMT A and B) is part of the CERAD Plus test battery. It was
conducted as described in [49]. While the TMT A probes visual search performance, the
TMT B assesses cognitive flexibility [50–52]. In TMT A, a series of 25 encircled numbers has
to be connected in ascending order [50,53]. In TMT B, 25 encircled numbers and letters have
to be connected in an alternating and ascending order (e.g., 1 with A, then 2, then B) [50,53].
With respect to the aim of our study, the performance measures of TMT A and TMT B (time
needed to complete the task) were used to calculate the ratio (TMT B/A) as a measure of the
individual shifting ability [54,55]. This ratio was proposed to reflect executive functioning
better than other performance measures obtained via the TMT (e.g., time to complete
TMT A) [49,56].

Maximal handgrip strength was assessed based on the Southampton protocol [57]. The
participants (i) were seated in a comfortable chair with their feet flat on the ground, (ii) were
advised to adduct their shoulders and remain them neutrally rotated, (iii) were asked to
flex the elbow of the tested extremity at 90◦ while maintaining a neutral wrist position (i.e.,
thumb facing upward), and (iv) were asked to squeeze the hand as hard as they could for
three seconds to assess their handgrip strength [57]. Each participant conducted three trials
for each hand and was asked to change the hand after performing one trial [58–60]. The
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best trial (i.e., the trial with the highest absolute handgrip strength) of three trials of each
extremity side was used to calculate the normalized handgrip strength. Maximal handgrip
strength was normalized to the body mass index (BMI) of the participants to account for
the influence of anthropometric factors (e.g., body mass and body height) as carried out
in [58,59]. The normalized handgrip strength (nHGS) for each hand was calculated as
follows: normalized handgrip strength (nHGS) = absolute handgrip strength (in kg)/BMI
(in kg/m2) [58,59,61]. The nHGS was used for further statistical analysis.

Prior to the assessment, participants were briefed about the experimental procedure
and informed of possible risks and benefits associated with the study. All participants
provided written consent to participate and received financial compensation. All study
procedures were in accordance with the latest version of the Declaration of Helsinki, had
been approved by the local Ethics Committee of the Medical Faculty of the Otto von
Guericke University Magdeburg (reference number: 83/19) and were pre-registered in
ClinicalTrials.gov (NCT04427436 on the 10 June 2020).

2.3. Statistical Analysis

The statistical analysis was performed using JAMOVI (version 2.2.2 current) [62].
Non-parametric tests (i.e., Kruskal–Wallis and Dwass–Steel–Critchlow–Fligner (as post-hoc
tests)) were applied to compare MCI groups and HC group concerning age, body height,
body mass, BMI, educational level, GDS, nHGS (left and right), and TMT performance
(operationalized through z-score of TMT B/A ratio). With regard to the Kruskal–Wallis
test, epsilon square (ε2) was calculated as a measure of effect size and rated as follows:
≥0.01 to <0.6: small effect; ≥0.06 to <0.14: medium effect; ≥0.14: large effect [63].

Non-parametric partial correlation coefficients (i.e., Spearman’s rho [rp]; accounting
for age, sex, and severity of depressive symptoms) were calculated to investigate possible
relationships between executive functions and nHGS. Furthermore, the GDS score was used
as a covariate since a relationship between measures of HGS and severity of depressive
symptoms was reported in older adults [64]. Based on previous studies [10–16,19–25],
one-tailed significance tests were used for the correlational analyses as a positive rela-
tionship between nHGS and executive functioning is assumed. The partial correlation
coefficient rp was rated as follows: <0.19: no correlation; ≥0.20 to ≤0.39: low correlation;
≥0.40 to ≤0.59: moderate correlation; ≥0.60 to ≤0.79: moderately high correlation; ≥0.8:
high correlation [65,66].

In addition, the cocor package (one-tailed significance test) was used to compare the
correlation coefficients between older adults with aMCI, naMCI, and HC [67].

For all statistical tests, the level of significance was set to α = 0.05.

3. Results

The general characteristics of the participants are shown in Table 1 (see also Table S1
in the Supplementary Material for further information). We observed a significant effect of
group concerning body height (χ2 (df = 2; n aMCI = 22, n naMCI = 21, n HC = 27) = 10.547, p = 0.005,
ε2 = 0.153), body mass (χ2 (df = 2; n aMCI = 22, n naMCI = 21, n HC = 27) = 6.446, p = 0.040,
ε2 = 0.093), GDS (χ2 (df = 2; n aMCI = 22, n aMCI = 21, n HC = 27) = 6.975, p = 0.031, ε2 = 0.101)
and MMSE (χ2 (df = 2; n aMCI = 22, n aMCI = 21, n HC = 27) = 23.700, p≤ 0.001, ε2 = 0.343). The
post-hoc tests concerning body height show that aMCI (W (n aMCI= 22, n HC = 27) = −3.630,
p = 0.028) and naMCI (W (n naMCI = 21, n HC = 27) = −4.063, p = 0.011) were taller than HC.
However, the post-hoc tests concerning the comparison of the groups with respect to body
mass did not reach statistical significance although the difference between naMCI and HC
was marginally non-significant (W (n naMCI = 21, n HC = 27) = −3.310, p = 0.051).
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Table 1. Overview of the general characteristics of the participants.

General Characteristics of the
Participants

Median ± Interquartile Range
(Minimum to Maximum)

aMCI (n = 22) naMCI (n = 21) HC (n = 27)

Female/Male (n) 14/8 9/12 19/8

Age (years) 69 ± 9
(60 to 81)

71 ± 8
(56 to 80)

68 ± 10
(54 to 83)

Body height (cm) 171.0 ± 11.0 *
(150.0 to 184.0)

173.0 ± 13.0 #

(159.0 to 189.0)
165.0 ± 9.5

(156.0 to 179.0)

Body mass (kg) 72.0 ± 15.0
(61.0 to 93.0)

77.0 ± 8.0
(54.4 to 94.4)

67.0 ± 22.5
(50.0 to 94.0)

BMI (kg/m2)
24.1 ± 4.2

(20.9 to 29.1)
25.8 ± 1.6

(21.4 to 28.5)
24.7 ± 5.9

(19.3 to 31.0)

Educational level (years) 15 ± 4
(11 to 20)

15 ± 3
(11 to 18)

15 ± 3
(12 to 18)

GDS (total score) 1.5 ± 3.0
(0.0 to 4.0)

2.0 ± 2.0 #

(0.0 to 5.0)
1.0 ± 1.5

(0.0 to 3.0)

EHI (score) 100.0 ± 23.3
(52.9 to 100.0)

100.0 ± 0.0
(73.3 to 100.0)

100.0 ± 21.1
(53.9 to 100.0)

nHGS left/right (a.u.) 1.05 ± 0.76/1.12 ± 0.62/
(0.75 to 2.24/0.78 to 2.03)

1.37 ± 0.51 a/1.43 ± 0.70
(0.84 to 2.20/0.79 to 2.23)

1.12 ± 0.33/1.21 ± 0.42
(0.47 to 1.75/0.66 to 1.89)

TMT B/A (z-score) −0.18 ± 1.20
(−2.13 to 2.07))

−0.47 ± 0.89
(−1.43 to 1.76)

−0.32 ± 0.74
(−2.18 to 1.84)

MMSE (points) 27.0 ± 1.8 *
(25.0 to 30.0)

27.0 ± 2.0 #

(24.0 to 30.0)
28.0 ± 1.0

(27.0 to 30.0)
a Please note that values of nHGS left in the naMCI group were based on n = 20 since the data of one participant
in the naMCI was not used to calculate median, interquartile range and minimum to maximum due to drop hand
symptomatic in the left (non-dominant) hand. * indicates significant differences between aMCI and HC; # indicates
significant differences between naMCI and HC. a.u.: arbitrary unit; BMI: Body Mass Index; EHI: Edinburgh
Handedness Inventory (cut-off score ≥ 50 indicated right-handedness; <50 to >−50 indicate ambidextrous
handedness; ≤−50 indicated left-handedness [43]); GDS: Geriatric Depression Scale (cut-off score ≥ 6 [41]);
MMSE: Minimal Mental State Examination; nHGS: normalized handgrip strength; TMT: Trail Making Test.

With respect to GDS, the post-hoc tests show that the GDS score was higher in naMCI
as compared to HC (W (n naMCI = 21, n HC = 27) = −3.780, p = 0.021). The post-hoc test
concerning MMSE score revealed that aMCI (W (n aMCI = 22, n HC = 27) = 6.198, p ≤ 0.001)
and naMCI (W (n naMCI = 21, n HC = 27) = 5.457, p ≤ 0.001) performed worse than HC but
there was no difference between aMCI and naMCI (W (n aMCI = 22, n naMCI = 21) = −0.834,
p = 0.826). No other between-group comparison was statistically significant (i.e., age, BMI,
educational level, nHGS of left and right hand, and z-score of TMT B/A).

We observed a positive low-to-moderate correlation between left nHGS (rp (22) = 0.420,
p = 0.037) and right nHGS (rp (22) = 0.364, p = 0.063) with executive functioning (i.e.,
operationalized via z-score of TMA B/A ratio) in the aMCI group (see Figure 2a). In
addition, in aMCI, we did not observe a significant difference between the correlation
coefficients of the left hand (i.e., reaching statistical significance) and the right hand (i.e.,
slightly missed to reach statistical significance) with executive functioning (p > 0.05) using
the cocor package [67].
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Figure 2. Scatter plots displaying the correlations between normalized handgrip strength (nHGS)
of the left hand and right hand and z-scores of TMT B/A ratio (reflecting executive functioning)
in the older individuals with amnestic mild cognitive impairment (aMCI) in (a), for older adults
with non-amnestic mild cognitive impairment (naMCI) in (b) and healthy older controls (HC) in
(c). The handgrip strength was normalized to the Body Mass Index to account for the influence of
anthropometrics on handgrip strength [58,59]. a.u.: arbitrary unit; BMI: Body Mass Index; rp: partial
correlation coefficient (accounting for age, sex, and severity of depressive symptoms [via scores in
Geriatric Depression Scale]); TMT: Trail Making Test.

As shown in Figure 2b,c, no significant correlations were observed between nHGS
and executive functioning in the naMCI group (left nHGS (rp (20) = 0.004, p = 0.494); right
nHGS (rp (21) = 0.007, p = 0.489)) and in the HC group (left nHGS (rp (27) = 0.007; p = 0.486);
right nHGS (rp (27) = −0.011, p = 1.000)). Furthermore, there were no between-group
differences with respect to the comparison of aMCI and naMCI concerning the correlation
coefficients of left nHGS (z = 1.329, p = 0.092) and right nHGS (z = 1.139, p = 0.127) with
executive functioning. Furthermore, no group differences between aMCI and HC were
observed regarding the correlation coefficients of left nHGS (z = 1.435, p = 0.076) and right
nHGS (z = 1.278, p = 0.101) with executive functioning. In addition, there were also no
between-group differences with respect to the comparison of naMCI and HC concerning
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the correlation coefficients of left nHGS (z = −0.010, p = 0.496) and right nHGS (z = 0.058,
p = 0.477) with executive functioning.

4. Discussion

This study investigated possible links between measures of handgrip strength and
executive functioning in older adults with different subtypes of MCI and HC. We observed
that in aMCI, stronger nHGS was associated with better performance in executive functions
(operationalized by the z-score of the TMT B/A ratio) but not in naMCI and/or in HC,
although there were no between-group differences concerning the correlation coefficients.
This observation is, at least partly, in line with previous studies reporting a comparable
relationship between cognitive performance and handgrip strength in older adults with
diabetes [68] and in older adults with MCI and dementia [69]. However, in the study of
Hesseberg et al. [69], MCI patients were not further classified into amnestic or non-amnestic
subtypes. Given that there are significant differences between older adults suffering from
aMCI and naMCI (i) with respect to the conversion rates to dementia (i.e., conversion rate
to AD is higher in aMCI as compared to naMCI [70,71]), (ii) with respect to brain changes
(e.g., lower cortical thickness in entorhinal cortex, the fusiform gyrus, the precuneus and
the isthmus of the cingulate gyrus [72] and hippocampal volume [39] in aMCI as compared
to naMCI), and (iii) with respect to motoric measures (e.g., slower gait speed, especially
in dual-task conditions, in aMCI as compared to naMCI [73]), a differentiation between
different subtypes of MCI, as performed in this study, is favorable.

The absence of a correlation in the naMCI and HC group in the present study is
perhaps related to the fact that in these groups the neural substrates that are important for
handgrip strength and executive functioning (i.e., operationalized by TMT performance) are
better preserved. In the literature, there is considerable evidence that executive functions
in general [74,75], and the execution of TMT in particular [76–81], rely on the integrity of
the prefrontal cortex (PFC). Accordingly, the absence of a correlation in the naMCI and HC
groups might reflect that the PFC is (more) intact in these two groups.

Following this line of interpretation, the moderate and positive correlation in the
aMCI group might indicate that integrity of the PFC is compromised in individuals with
a relatively low handgrip strength whereas, vice versa, a relative high handgrip strength
signifies better integrity of the PFC in aMCI. In line with this assumption, there is evidence
that higher handgrip strength is linked to (i) more pronounced task-related cortical hemo-
dynamics in the PFC in younger adults [60] and (ii) superior white matter integrity in the
frontal cortex in older adults [82]. These findings suggest that higher handgrip strength is
linked to better integrity of the frontal cortex although future research is needed to buttress
this assumption empirically [60,83]. Notably, there is evidence that the integrity of the
frontal cortex is compromised in individuals with aMCI encompassing (i) alterations in
task-related PFC activation [84–86], (ii) changes in gray matter integrity in frontal brain
areas [87], and (iii) cortical thinning in frontal brain areas [34] in older adults with aMCI
compared to HC. Moreover, it was observed that brain alterations in the frontal cortex (e.g.,
in white matter) in older adults with MCI correlate with performance changes in executive
functioning (e.g., TMT B) [88]. Thus, a higher nHGS in older adults with aMCI might reflect
better preservation of these neural correlates (e.g., frontal cortex) in these individuals which,
in turn, allows for better performance in tasks probing executive functioning (e.g., TMT B).
This assumption nicely fits with the idea that handgrip strength shares specific neural
correlates with higher-order cognitive functions (e.g., of the frontal cortex) [5] and with
the evidence showing that in older adults with aMCI motoric measures (i.e., gait speed)
are correlated with the grey matter volume of frontal cortical regions [89]. In this context,
it seems reasonable to speculate that such associations are not only driven by changes in
the PFC but rather by alterations of a complex hippocampal-prefrontal network given the
evidence that the hippocampus is involved in executive functioning in adults [35–37] and
that handgrip strength is related to the (right) hippocampal volume in healthy adults and in
adults with a major depressive disorder [38]. Vice versa, there is also evidence that the PFC
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is involved in memory processes (for review see [90,91]), which supports the idea that the
relationship between measures of handgrip strength and executive functioning becomes
evident especially in individuals with impaired memory function such as older adults with
aMCI. However, future research is warranted to confirm this assumption empirically by
applying neuroimaging techniques [60,83].

Given that individuals with aMCI, and especially those with executive dysfunc-
tions [34,92,93], have a relatively high risk of developing AD [70,71,94–96], the difference in
the association of nHGS and executive functioning between aMCI and naMCI could be of
high clinical relevance (even if the comparison of those correlations did not reach statistical
significance in this study), as it suggests that in individuals with aMCI a relatively high
level of (handgrip) strength can indicate preserved executive functions and, therefore, a
lower risk of conversion to dementia. Of course, the latter assumption needs to be verified
in a long-term study.

In addition, we observed that the correlation between nHGS and executive functioning
reached statistical significance concerning the left hand but not concerning the right hand
(see also Figure 2a). However, given the finding (i) that there is no statistically signifi-
cant difference between both correlation coefficients (p > 0.05) and (ii) that the correlation
between nHGS of the right hand with executive functioning was close to reaching statis-
tical significance (p = 0.063), this finding should not be overinterpreted. Although this
cross-sectional study does not allow us to elucidate causal relationships underlying the
association of handgrip strength and cognitive performance (i.e., executive functioning),
our finding fits with the available evidence suggesting that resistance training can be a
beneficial intervention strategy to improve brain structure and function in both healthy
adults [83,97–100] and in older adults with MCI [101–103]. Based on our findings, future
research should investigate whether older adults with different subtypes of MCI (e.g.,
aMCI vs. naMCI) would benefit differently from resistance training interventions.

In summary, our findings suggest that in older adults with aMCI, higher levels of
nHGS are associated with a better performance in executive functioning. This relationship
is possibly caused by alterations in brain networks that accompany aMCI such as the
PFC (e.g., hippocampal-prefrontal network). However, to confirm these assumptions
future studies are needed that investigate the associations between measures of handgrip
strength, cognitive performance (e.g., executive functions), and their neural correlates (e.g.,
functional cortical hemodynamic changes in the PFC) [60,83].

5. Limitations

There are some limitations of the current study that need to be acknowledged. Firstly,
the sample size was relatively small and only right-handed individuals were included in
the analysis. Secondly, not all core components of executive functioning (e.g., inhibition
and working memory) were assessed. Thirdly, no multiple comparison adjustments were
performed. In this context, there is an ongoing discussion about when and how it is
necessary to adjust for multiple comparisons [104–106] and it is stated that in exploratory
studies, multiple comparison adjustments are not strictly required [105]. Hence, our
findings should be interpreted cautiously, and further research with larger sample sizes is
needed in order to confirm (or refute) our findings. Furthermore, additional research that
considers changes on multiple levels of analysis (e.g., changes on molecular and cellular
level, changes on functional and structural brain level, and socioemotional changes) is
also necessary to deepen our knowledge about neurobiological mechanisms driving the
relationships between measures of handgrip strength and cognitive performance [83].

6. Conclusions

The findings of the current study suggest that higher levels of nHGS are related to
better executive functioning in aMCI but not in naMCI and in HC. Based on the available
evidence, we hypothesize that this relationship may be driven by alterations in the integrity
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of the hippocampal-prefrontal network occurring in older adults with aMCI. However,
further research is needed to provide direct empirical evidence for this assumption.
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64. Zasadzka, E.; Pieczyńska, A.; Trzmiel, T.; Kleka, P.; Pawlaczyk, M. Correlation between Handgrip Strength and Depression in
Older Adults-A Systematic Review and a Meta-Analysis. Int. J. Environ. Res. Public Health 2021, 18, 4823. [CrossRef]

65. Zhu, W. p < 0.05, <0.01, <0.001, <0.0001, <0.00001, <0.000001, or <0.0000001 . . . . J. Sport Health Sci. 2016, 5, 77–79. [CrossRef]
[PubMed]

66. Zhu, W. Sadly, the earth is still round (p < 0.05). J. Sport Health Sci. 2012, 1, 9–11. [CrossRef]
67. Diedenhofen, B.; Musch, J. cocor: A comprehensive solution for the statistical comparison of correlations. PLoS ONE 2015, 10,

e0121945. [CrossRef] [PubMed]
68. Guerrero-Berroa, E.; Ravona-Springer, R.; Heymann, A.; Schmeidler, J.; Silverman, J.M.; Sano, M.; Koifmann, K.; Preiss, R.;

Hoffman, H.; Schnaider Beeri, M. Decreased motor function is associated with poorer cognitive function in elderly with type 2
diabetes. Dement. Geriatr. Cogn. Dis. Extra 2014, 4, 103–112. [CrossRef]

69. Hesseberg, K.; Tangen, G.G.; Pripp, A.H.; Bergland, A. Associations between Cognition and Hand Function in Older People
Diagnosed with Mild Cognitive Impairment or Dementia. Dement. Geriatr. Cogn. Dis. Extra 2020, 10, 195–204. [CrossRef]

70. Yaffe, K.; Petersen, R.C.; Lindquist, K.; Kramer, J.; Miller, B. Subtype of mild cognitive impairment and progression to dementia
and death. Dement. Geriatr. Cogn. Disord. 2006, 22, 312–319. [CrossRef]

71. Glynn, K.; O’Callaghan, M.; Hannigan, O.; Bruce, I.; Gibb, M.; Coen, R.; Green, E.; Lawlor, B.A.; Robinson, D. Clinical utility
of mild cognitive impairment subtypes and number of impaired cognitive domains at predicting progression to dementia: A
20-year retrospective study. Int. J. Geriatr. Psychiatry 2021, 36, 31–37. [CrossRef]

72. Csukly, G.; Sirály, E.; Fodor, Z.; Horváth, A.; Salacz, P.; Hidasi, Z.; Csibri, É.; Rudas, G.; Szabó, Á. The Differentiation of Amnestic
Type MCI from the Non-Amnestic Types by Structural MRI. Front. Aging Neurosci. 2016, 8, 52. [CrossRef]

73. Montero-Odasso, M.; Oteng-Amoako, A.; Speechley, M.; Gopaul, K.; Beauchet, O.; Annweiler, C.; Muir-Hunter, S.W. The motor
signature of mild cognitive impairment: Results from the gait and brain study. J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69,
1415–1421. [CrossRef]

74. Funahashi, S.; Andreau, J.M. Prefrontal cortex and neural mechanisms of executive function. J. Physiol. Paris 2013, 107, 471–482.
[CrossRef]

75. Miller, E.K. The prefrontal cortex and cognitive control. Nat. Rev. Neurosci. 2000, 1, 59–65. [CrossRef]
76. Müller, L.D.; Guhn, A.; Zeller, J.B.M.; Biehl, S.C.; Dresler, T.; Hahn, T.; Fallgatter, A.J.; Polak, T.; Deckert, J.; Herrmann, M.J. Neural

correlates of a standardized version of the trail making test in young and elderly adults: A functional near-infrared spectroscopy
study. Neuropsychologia 2014, 56, 271–279. [CrossRef]

77. Shibuya-Tayoshi, S.; Sumitani, S.; Kikuchi, K.; Tanaka, T.; Tayoshi, S.; Ueno, S.-I.; Ohmori, T. Activation of the prefrontal cortex
during the Trail-Making Test detected with multichannel near-infrared spectroscopy. Psychiatry Clin. Neurosci. 2007, 61, 616–621.
[CrossRef]

78. Zakzanis, K.K.; Mraz, R.; Graham, S.J. An fMRI study of the Trail Making Test. Neuropsychologia 2005, 43, 1878–1886. [CrossRef]
79. Hagen, K.; Ehlis, A.-C.; Haeussinger, F.B.; Heinzel, S.; Dresler, T.; Mueller, L.D.; Herrmann, M.J.; Fallgatter, A.J.; Metzger,

F.G. Activation during the Trail Making Test measured with functional near-infrared spectroscopy in healthy elderly subjects.
NeuroImage 2014, 85 Pt 1, 583–591. [CrossRef]

80. Kubo, M.; Shoshi, C.; Kitawaki, T.; Takemoto, R.; Kinugasa, K.; Yoshida, H.; Honda, C.; Okamoto, M. Increase in prefrontal cortex
blood flow during the computer version trail making test. Neuropsychobiology 2008, 58, 200–210. [CrossRef] [PubMed]

81. Talwar, N.; Churchill, N.W.; Hird, M.A.; Tam, F.; Graham, S.J.; Schweizer, T.A. Functional magnetic resonance imaging of the
trail-making test in older adults. PLoS ONE 2020, 15, e0232469. [CrossRef] [PubMed]

82. Sachdev, P.S.; Wen, W.; Christensen, H.; Jorm, A.F. White matter hyperintensities are related to physical disability and poor motor
function. J. Neurol. Neurosurg. Psychiatry 2005, 76, 362–367. [CrossRef] [PubMed]

83. Herold, F.; Törpel, A.; Schega, L.; Müller, N.G. Functional and/or structural brain changes in response to resistance exercises and
resistance training lead to cognitive improvements—A systematic review. Eur. Rev. Aging Phys. Act. 2019, 16, 1676. [CrossRef]
[PubMed]

84. Yang, D.; Hong, K.-S.; Yoo, S.-H.; Kim, C.-S. Evaluation of Neural Degeneration Biomarkers in the Prefrontal Cortex for Early
Identification of Patients with Mild Cognitive Impairment: An fNIRS Study. Front. Hum. Neurosci. 2019, 13, 367. [CrossRef]
[PubMed]

http://doi.org/10.1093/gerona/glz081
http://www.ncbi.nlm.nih.gov/pubmed/30869772
http://doi.org/10.1186/s12868-021-00615-6
http://doi.org/10.3390/brainsci11080985
http://www.ncbi.nlm.nih.gov/pubmed/34439604
https://www.jamovi.org
http://doi.org/10.15448/1980-6523.2018.1.29437
http://doi.org/10.3390/ijerph18094823
http://doi.org/10.1016/j.jshs.2016.01.019
http://www.ncbi.nlm.nih.gov/pubmed/30356881
http://doi.org/10.1016/j.jshs.2012.02.002
http://doi.org/10.1371/journal.pone.0121945
http://www.ncbi.nlm.nih.gov/pubmed/25835001
http://doi.org/10.1159/000360280
http://doi.org/10.1159/000510382
http://doi.org/10.1159/000095427
http://doi.org/10.1002/gps.5385
http://doi.org/10.3389/fnagi.2016.00052
http://doi.org/10.1093/gerona/glu155
http://doi.org/10.1016/j.jphysparis.2013.05.001
http://doi.org/10.1038/35036228
http://doi.org/10.1016/j.neuropsychologia.2014.01.019
http://doi.org/10.1111/j.1440-1819.2007.01727.x
http://doi.org/10.1016/j.neuropsychologia.2005.03.013
http://doi.org/10.1016/j.neuroimage.2013.09.014
http://doi.org/10.1159/000201717
http://www.ncbi.nlm.nih.gov/pubmed/19212135
http://doi.org/10.1371/journal.pone.0232469
http://www.ncbi.nlm.nih.gov/pubmed/32396540
http://doi.org/10.1136/jnnp.2004.042945
http://www.ncbi.nlm.nih.gov/pubmed/15716527
http://doi.org/10.1186/s11556-019-0217-2
http://www.ncbi.nlm.nih.gov/pubmed/31333805
http://doi.org/10.3389/fnhum.2019.00317
http://www.ncbi.nlm.nih.gov/pubmed/31551741


Healthcare 2022, 10, 230 14 of 14

85. Yoon, J.A.; Kong, I.J.; Choi, J.; Baek, J.Y.; Kim, E.J.; Shin, Y.-I.; Ko, M.-H.; Shin, Y.B.; Shin, M.J. Neural Compensatory Response
During Complex Cognitive Function Tasks in Mild Cognitive Impairment: A Near-Infrared Spectroscopy Study. Neural Plast.
2019, 2019, 7845104. [CrossRef] [PubMed]

86. Yap, K.H.; Ung, W.C.; Ebenezer, E.G.M.; Nordin, N.; Chin, P.S.; Sugathan, S.; Chan, S.C.; Yip, H.L.; Kiguchi, M.; Tang, T.B.
Visualizing Hyperactivation in Neurodegeneration Based on Prefrontal Oxygenation: A Comparative Study of Mild Alzheimer’s
Disease, Mild Cognitive Impairment, and Healthy Controls. Front. Aging Neurosci. 2017, 9, 459. [CrossRef] [PubMed]

87. Zheng, D.; Sun, H.; Dong, X.; Liu, B.; Xu, Y.; Chen, S.; Song, L.; Zhang, H.; Wang, X. Executive dysfunction and gray matter
atrophy in amnestic mild cognitive impairment. Neurobiol. Aging 2014, 35, 548–555. [CrossRef]

88. Grambaite, R.; Selnes, P.; Reinvang, I.; Aarsland, D.; Hessen, E.; Gjerstad, L.; Fladby, T. Executive dysfunction in mild cognitive
impairment is associated with changes in frontal and cingulate white matter tracts. J. Alzheimers. Dis. 2011, 27, 453–462. [CrossRef]
[PubMed]

89. Allali, G.; Montembeault, M.; Saj, A.; Wong, C.H.; Cooper-Brown, L.A.; Bherer, L.; Beauchet, O. Structural Brain Volume
Covariance Associated with Gait Speed in Patients with Amnestic and Non-Amnestic Mild Cognitive Impairment: A Double
Dissociation. J. Alzheimers. Dis. 2019, 71, S29–S39. [CrossRef]

90. Rubin, R.D.; Schwarb, H.; Lucas, H.D.; Dulas, M.R.; Cohen, N.J. Dynamic Hippocampal and Prefrontal Contributions to Memory
Processes and Representations Blur the Boundaries of Traditional Cognitive Domains. Brain Sci. 2017, 7, 82. [CrossRef] [PubMed]

91. Eichenbaum, H. Prefrontal-hippocampal interactions in episodic memory. Nat. Rev. Neurosci. 2017, 18, 547–558. [CrossRef]
92. Junquera, A.; García-Zamora, E.; Olazarán, J.; Parra, M.A.; Fernández-Guinea, S. Role of Executive Functions in the Conversion

from Mild Cognitive Impairment to Dementia. J. Alzheimers. Dis. 2020, 77, 641–653. [CrossRef]
93. Tabert, M.H.; Manly, J.J.; Liu, X.; Pelton, G.H.; Rosenblum, S.; Jacobs, M.; Zamora, D.; Goodkind, M.; Bell, K.; Stern, Y.; et al.

Neuropsychological prediction of conversion to Alzheimer disease in patients with mild cognitive impairment. Arch. Gen.
Psychiatry 2006, 63, 916–924. [CrossRef]

94. Schmidtke, K.; Hermeneit, S. High rate of conversion to Alzheimer’s disease in a cohort of amnestic MCI patients. Int. Psychogeriatr.
2008, 20, 96–108. [CrossRef]

95. Jungwirth, S.; Zehetmayer, S.; Hinterberger, M.; Tragl, K.H.; Fischer, P. The validity of amnestic MCI and non-amnestic MCI at
age 75 in the prediction of Alzheimer’s dementia and vascular dementia. Int. Psychogeriatr. 2012, 24, 959–966. [CrossRef]

96. Ding, D.; Zhao, Q.; Guo, Q.; Liang, X.; Luo, J.; Yu, L.; Zheng, L.; Hong, Z. Progression and predictors of mild cognitive impairment
in Chinese elderly: A prospective follow-up in the Shanghai Aging Study. Alzheimers. Dement. 2016, 4, 28–36. [CrossRef]
[PubMed]

97. Chang, Y.-K.; Pan, C.-Y.; Chen, F.-T.; Tsai, C.-L.; Huang, C.-C. Effect of Resistance-Exercise Training on Cognitive Function in
Healthy Older Adults: A Review. J. Aging Phys. Act. 2012, 20, 497–517. [CrossRef] [PubMed]

98. Coelho-Junior, H.; Marzetti, E.; Calvani, R.; Picca, A.; Arai, H.; Uchida, M. Resistance training improves cognitive function in
older adults with different cognitive status: A systematic review and Meta-analysis. Aging Ment. Health 2020, 26, 1–12. [CrossRef]

99. Landrigan, J.-F.; Bell, T.; Crowe, M.; Clay, O.J.; Mirman, D. Lifting cognition: A meta-analysis of effects of resistance exercise on
cognition. Psychol. Res. 2019, 84, 1167–1183. [CrossRef]

100. Wu, J.; Wang, X.; Ye, M.; Wang, L.; Zheng, G. Effect of regular resistance training on memory in older adults: A systematic review.
Exp. Gerontol. 2021, 150, 111396. [CrossRef] [PubMed]

101. Zhang, L.; Li, B.; Yang, J.; Wang, F.; Tang, Q.; Wang, S. Meta-Analysis: Resistance Training Improves Cognition in Mild Cognitive
Impairment. Int. J. Sports Med. 2020, 41, 815–823. [CrossRef] [PubMed]

102. Suo, C.; Singh, M.F.; Gates, N.; Wen, W.; Sachdev, P.; Brodaty, H.; Saigal, N.; Wilson, G.C.; Meiklejohn, J.; Singh, N.; et al.
Therapeutically relevant structural and functional mechanisms triggered by physical and cognitive exercise. Mol. Psychiatry 2016,
21, 1633–1642. [CrossRef] [PubMed]

103. Broadhouse, K.M.; Singh, M.F.; Suo, C.; Gates, N.; Wen, W.; Brodaty, H.; Jain, N.; Wilson, G.C.; Meiklejohn, J.; Singh, N.; et al.
Hippocampal plasticity underpins long-term cognitive gains from resistance exercise in MCI. NeuroImage: Clin. 2020, 25, 102182.
[CrossRef]

104. Rothman, K.J. No adjustments are needed for multiple comparisons. Epidemiology 1990, 1, 43–46. [CrossRef] [PubMed]
105. Bender, R.; Lange, S. Adjusting for multiple testing—when and how? J. Clin. Epidemiol. 2001, 54, 343–349. [CrossRef]
106. Perneger, T.V. What’s wrong with Bonferroni adjustments. BMJ 1998, 316, 1236–1238. [CrossRef] [PubMed]

http://doi.org/10.1155/2019/7845104
http://www.ncbi.nlm.nih.gov/pubmed/31320893
http://doi.org/10.3389/fnagi.2017.00287
http://www.ncbi.nlm.nih.gov/pubmed/28919856
http://doi.org/10.1016/j.neurobiolaging.2013.09.007
http://doi.org/10.3233/JAD-2011-110290
http://www.ncbi.nlm.nih.gov/pubmed/21841261
http://doi.org/10.3233/JAD-190038
http://doi.org/10.3390/brainsci7070082
http://www.ncbi.nlm.nih.gov/pubmed/28704928
http://doi.org/10.1038/nrn.2017.74
http://doi.org/10.3233/JAD-200586
http://doi.org/10.1001/archpsyc.63.8.916
http://doi.org/10.1017/S1041610207005509
http://doi.org/10.1017/S1041610211002870
http://doi.org/10.1016/j.dadm.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27489876
http://doi.org/10.1123/japa.20.4.497
http://www.ncbi.nlm.nih.gov/pubmed/22186664
http://doi.org/10.1080/13607863.2020.1857691
http://doi.org/10.1007/s00426-019-01145-x
http://doi.org/10.1016/j.exger.2021.111396
http://www.ncbi.nlm.nih.gov/pubmed/33964318
http://doi.org/10.1055/a-1186-1272
http://www.ncbi.nlm.nih.gov/pubmed/32599643
http://doi.org/10.1038/mp.2016.19
http://www.ncbi.nlm.nih.gov/pubmed/27001615
http://doi.org/10.1016/j.nicl.2020.102182
http://doi.org/10.1097/00001648-199001000-00010
http://www.ncbi.nlm.nih.gov/pubmed/2081237
http://doi.org/10.1016/S0895-4356(00)00314-0
http://doi.org/10.1136/bmj.316.7139.1236
http://www.ncbi.nlm.nih.gov/pubmed/9553006

	Title
	Introduction 
	Materials and Methods 
	Participants 
	Assessment of Cognitive Performance and Handgrip Strength 
	Statistical Analysis 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

