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G W N e

Abstract: Background and aim: There is evidence to support the favorable impact of physical activity
(PA) on brain volume. However, the empirical evidence exploring the relationship between physical
and sedentary behavior remains mixed. We aimed to explore the relationship between PA and
sedentary behavior and brain volume. Methods: The study sample (n = 150, mean age = 39.7 years)
included patients interviewed with the International Physical Activity Questionnaire (IPAQ) who
underwent an MRI brain scan. From the images obtained, we measured total intracranial, gray
matter, and white matter volume along with the hippocampus, amygdala, parahippocampal gyrus,
and posterior cingulate cortex (PCC). Multivariable linear regression analysis was done. Results
and discussion: Left hippocampus and overall PA were positively and significantly associated
(B =0.71, p = 0.021) whereas time spent on vigorous physical activity showed a negative association
(B = —0.328, p = 0.049) with left hippocampal volume. Conclusion: We found a positive association
between total PA and the left hippocampus, whereas vigorous PA showed a negative association
with the left hippocampus.

Keywords: sedentary behaviour; prolonged sitting; Brain Size; MRL; AAL3; brain volume

1. Introduction

Any activity that consists of musculoskeletal activity that results in energy expenditure
is termed as physically active [1], whereas sedentary behavior is activity that results in
a low energy expenditure of less than 1.5 metabolic equivalents. Considerable evidence
shows that physical inactivity (failing to meet the global recommendations of 150 minutes
of moderate-vigorous PA in a week) and sedentary behavior is linked with chronic disease
risk including cardiometabolic and mental health risk [2]. Though physical inactivity and
sedentary behaviors are identified as potential health risks, only a fraction of the global
population meets the global recommendations for PA [3]. The potential reason could be the
mixed evidence on the association between sedentary behavior and insufficient activity
with chronic disease risk, especially psychological and brain health [4-8].

Brain structure results from an optimized neural interaction between environmental
and genetic factors and is related to cognitive functions and academic achievement in chil-
dren, work productivity in adults, and quality of life in the elderly [9-11]. Binge television
watching and high internet use are associated with reduced regional gray matter (cingulate,
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hypothalamus, insula, prefrontal, temporal and occipital areas) [11]. High sedentary time
and low PA are potential risk factors for brain volume loss and cognitive decline in the
elderly. Anecdotal evidence claims the favorable effects of PA and sedentary behavior
interventions on cognitive functions [12,13]. However, the relationship between PA and
sedentary behavior on brain volumes and cognitive decline remains unconvincing [4,14].
The relationship between various intensities of PA and sedentary time with brain volumes
is yet to be explored. In this cross-sectional study, we explored the association between
PA of varying volumes and sedentary time with brain volume in adults and the elderly
visiting an outpatient radio-imaging department of a multidisciplinary rural hospital.

2. Materials and Methods

This cross-sectional study is reported according to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines [15]. The study was started
after formal approval from the Institutional Research Committee, Manipal College of
Health Professions, Institutional Ethics Committee, KH (IEC: 385/2021) and prospectively
registered in the Clinical Trial Registry of India (CTRI/2021/09/036160). The study also
conformed to the ethical foundations laid by the Helsinki Declaration.

2.1. Participants

The research was carried out between September 2021 and March 2022 at the Depart-
ment of Radiodiagnosis and Imaging of a multidisciplinary tertiary care hospital. All the
participants recruited for this study were patients scheduled for magnetic resonance imag-
ing (MRI) brain scans, between 18 and 60 years old, and were willing to participate in the
study. Before the start of the research, informed consent was acquired from all participants,
and a thorough description of all study protocols, including MRI safety precautions, was
given to them. Participants with a history of dementia, major psychiatric or neurologic
disorders, drug abuse, head trauma or systemic disease negatively impacting cognitive
abilities, uncontrolled high blood pressure, or cardiovascular disease were excluded from
the study.

2.2. Procedure

The patients who were scheduled for brain MRI scans in the radiology department
of a multidisciplinary teaching hospital were approached for participation in the study.
The volunteering patient’s demographic characteristics (age, gender, education, mari-
tal status), cardiovascular risk factors (smoking, alcohol, and PA), and medication use
were obtained.

2.3. Physical Activity Assessment

Seven days of self-reported PA levels were assessed using the International Physical
Activity Questionnaire (IPAQ-SF) [16]. The questionnaire has four signaling questions
eliciting responses regarding the duration and frequency of vigorous, moderate, and light-
intensity activities with the duration of daily sitting time in hours. The PA volume from
each dimension (vigorous, moderate intensity, and walking) and frequency spent on them.
Metabolic Equivalent minutes per week (MET-min/week) were calculated using Ainsworth
calculations and scored for intensity as walking = 3.3 METs, moderate PA = 4.0 METs,
and vigorous PA = 8.0 METs (Ainsworth et al. 2011).

2.4. Image Acquisition

Three-dimensional sets of whole-brain data for all participants were acquired on a
1.5 T General Electric Signa scanner using a standard eight-channel head coil. We acquired
a T1-weighted, fast spoiled gradient echo (FSPGR) BRAVO sequence using the standard de-
partment protocols. The extrinsic image parameters used were repetition time (TR) = 9 ms,
echo time (TE) = 4 ms, and flip angle of 13°, consisting of axial partitions with a slice
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thickness of 1.2 mm. This parameter provides high-resolution images in 120 & 4 slices
covering the whole brain.

2.5. Image Pre-Processing

The pre-processing steps were carried out with the help of CAT12 (computational anatomy
toolbox—version 12.8) (RRID: SCR_019184 accessed on 1 March 2022 installed in the SPM12
(statistical parametric mapping—version 12 (Version7771)) software (RRID:SCR_007037) ac-
cessed on 15 April 2022 (ftp:/ftp.filion.ucl.ac.uk/spm.) MATLAB (version R2019a)
(RRID:SCR_001622) was used as a common platform for these programs. MRI Convert
version 2.1.0 accessed on 1 March 2022 was used to convert all DICOM images to NIfTi
format. During the pre-processing steps, all the images were normalized and segmented.
Furthermore, all pre-processed images were subjugated to a sample homogeneity test and
a careful evaluation for image quality. Images with a weighted overall image quality of
more than 70% were chosen for further examination. Furthermore, using the estimate
option in the software, values for volumes of GM, WM, cerebrospinal fluid (CSF), and total
intracranial volume (TIV) were calculated from each image using the estimate option in
the CAT12 software. GMVs of 170 brain areas based on the automated anatomical labeling
(AAL-3) atlas were acquired for each participant during pre-processing steps using the
CAT12 tool in expert mode. The prime page has been shown in Figure 1.

c _project_ss/nifti_t256_new/ KARIBASAMMA t256.nii

LINUX /9.6 /7771 /128 (1932) / 1639
ofessional/matlabpath/spm12/tpm/TPM.nil

Lin2009cAsym/Template_0_GS.nii

1com
med 0,reg:1e-03;fwhm:60) / 3.00 / 1e-04
medium(0.50) / none(0.00) / APRG(2.00) / medium(0.50)

0/2/0/22/ optimal(1.00 0.30)
Voxel resolution (original > Internal > PBT: vox) 0.86x0.86x1.20 > 0.86x0.86x1.20 > 0.50° mm’; 1.50" mm’

Image and Preprocessing Quality:
Resolution: 85.28% (B)
Noise

Bias: 94.86% (A)
Weighted average (IQR):
Surface Euler / defect number.

Volumes: CSF GM WM
Absolute volume: 481 588 422 cm?
Relative volume: 32.3 394 283%
v 1491 cm*
Thickness: 2.48£0.72 mm
0.72%
0.073/0.075

Figure 1. CAT12 result output image after pre-processing of the MRI scans.

The baseline characteristics were summarized using descriptive analysis. As the data
was normal, as visualized using Q-Q plots and the Shapiro-Wilk test, we applied linear
regression analysis using the enter method. The strength of association was sought between
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the PA volume (nominal: light, moderate, and high intensity; continuous: METmin/week)
with the estimated brain volumes (continuous: hippocampal). All statistical analyses were
carried out using SPSS 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results

Of 384 participants contacted, 247 patients volunteered to participate in the study,

and 150 participants’ data were included for reporting after the analysis represented in
Figure 2.

Participants contacted
(N=384)

Excluded (N=137)
Declined to participate

L

Screening of patients
(N=247)

Baseline assessment and
IPAQ questionnaire (N=247)

MRI Imaging

Data Collected (N=247)

Excluded (N = 74)
Contrast Sequences
Wrong Matrix

Data Analysed
(N =173)

Excluded (N=23)
Age Criterion
IQR% less than 70%

Data Included for Reporting
(N =150)

Figure 2. STROBE flow diagram.

3.1. Baseline Characteristics

The data were analyzed from 150 patients ranging in age from 18 to 60 years old,
with an average age of 39.7 years. Out of 150 patients, 86 were male, and 64 were female.
Lifestyle factors and cardiovascular risk factors were enquired about during the baseline
assessment. Out of 150 patients assessed, 12 had hypertension, 6 had type-II diabetes
mellitus, 4 had a smoking habit, and 9 had occasional alcohol consumption. Patients with

hypertension and type-II diabetes mellitus were under medication. The data are tabulated
in Table 1.
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Table 1. Demographic, Cardiovascular risk factors, and Lifestyle factors of the patients.

Demographics Total (n = 150)

Age group Below 20 years n =9
20-30 years n = 32
30-40 years n = 31
40-50 years n = 39
50-60 years n = 39

Mean age based on physical activity levels Low physical activity = 39.59

Moderate physical activity = 40.01

Vigorous physical activity = 31.6

Gender (1) Male n = 86; Female n = 64
Height mean (SD) 162.1 (6.73)
Weight mean (SD) 62.53 (11.78)

Education n (%) Schooling = 83 (55.3%)

Graduate = 61 (41.3%)
Post-graduate = 5 (3.3%)

Employment status 1 (%) Unemployed n = 77 (52%)
Employed n = 73 (48%)
Job experience 1 (%) More than 5 years = 63 (42%)

Less than 5 years = 9 (6%)
Not applicable = 78 (52%)

Cardiovascular risk factors

BMI mean (SD) 23.7 (4.15)
Waist circumference mean (SD) 33.2(2.9)
Mean arterial pressure mean (SD) 93.3 (6.59)
SBP mean (SD) 122.07 (10.63)
DBP mean (SD) 78.91 (5.66)
T2DM n (%) 6 (4%)
Hypertension n (%) 12 (8%)
Medications 1 (%) (9.3%)
Lifestyle factors
Alcohol consumption n (%) 9 (6%)
Smoking 1 (%) 4 (2.67%)

3.2. Physical Activity among the Participants

In terms of PA, the participants were categorized as low n = 59 (39.33%), mod-
erate n = 78 (52%), and high n = 13 (8.67%). The average METs value in the sample
was 924.46 MET-min/week. The average METs score for each category was found to be:
low = 239.74 min/week, moderate = 1103.9 min/week, and high = 3162.9 min/week.

3.3. Association between Brain Volumes, Physical Activity, and Sedentary Behavior

Left hippocampus volume and PA (METs) were positively and significantly associ-
ated with 3 = 0.71, p = 0.021. Sedentary behavior was negatively and non-significantly
associated with left hippocampal volume with 3 = —0.053, p = 0.586. However, right-side
hippocampal thickness did not show any significant association with physical activity
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(METs) and sitting time with 3 = 0.564, p = 0.079 and 3 = —0.002, p = 0.988, respectively.
On comparing the individual effect of low, moderate, and vigorous PA, the left hippocam-
pus showed a negative association with vigorous PA with 3 = —0.328, p = 0.049. But the
right hippocampus did not show any such relation with time spent in different intensities
of PA. The data are tabulated in Table 2.

Table 2. Association between brain volume, physical activity, and sedentary behavior.

Brain Volume Vigorous Moderate Light TPA Sitting
(B, p <0.05) (B, p <0.05) (B, p <0.05) (B, p <0.05) (B, p <0.05)

Left hippocampus —0.328 0.049 * 0.04 0.813 —0.007 0.97 0.710 0.021* —0.053  0.586
Right hippocampus —0.207  0.236 —0.03 0.236 —0.018 0.929 0.564 0.079  —0.002  0.988
Left PCC —-0235 0173 0.173 0.323 0.206 0.314 0.311 0.322 —0.01 0.922
Right PCC —0.227  0.189 0.116 0.508 0.08 0.696 0.368 0.244  —0.006 0.95
Left AMYG —0.265  0.112 0.143 0.398 0.043 0.828 0.505 0.099 —-0.101  0.303
Right AMYG —0.006 0971 0.075 0.666 —0.004 0.986 0.354 0258  —0.007  0.944
Left PHG —0227  0.164 0.143 0.387 —0.039 0.839 0.564 0.06 —0.066  0.493
Right PHG —0.126  0.447 0.129 0.446 0.017 0.931 0.424 0.164 0.022 0.82
Total volume —0.04 0.81 0.088 0.603 —0.071 0.721 0.314 0.303 —0.05 0.609
Gray matter volume —-0.175  0.286 0.093 0.575 0.002 0.99 0.475 0.388 —0.04 0.677
White matter volume  —0.067  0.695 0.061 0.695 0.01 0.961 0.388 0213  —0.091  0.369

Note: Values are 3, p-values. 3—Standard regression coefficient; * indicates a significant association. PCC—Posterior
cingulate cortex, AMYG—Amygdala, PHG—Parahippocampal gyrus. TPA—Total Physical Activity.

4. Discussion

The main aim of this study was to demonstrate the relationship between PA, seden-
tary behavior, and cerebral grey matter volume. The relationship between PA, sedentary
behavior, total intracranial volume, grey matter volume, and white matter volume was
investigated. Additionally, region-specific analyses were performed on the hippocampus,
parahippocampus, PCC, and amygdala. According to the World Health Organization,
people aged 18-64 years should participate in at least 150-300 min of moderate-intensity
aerobic PA or 75-150 min of vigorous-intensity aerobic PA per week, or an equivalent
combination [17]. In our present study, we observed that about 39.33% of the participants
were in the low, 52% in the moderate, and 8.67% in the high PA category. Most of the
participants did not meet the WHO guidelines with regard to the time spent in moderate
or vigorous PA.

In recent years, researchers and policymakers have focused their research on fostering
brain health or healthy brain aging, particularly among the elderly. PA has been suggested
as a simple lifestyle method to counteract age-related brain atrophy, supported by a growing
body of evidence. Various observational epidemiological studies have investigated the po-
tential relationship between PA and cognitive decline, dementia, and Alzheimer’s disease,
with varying results depending on research methodology (e.g., follow-up time), disparities
in cohort demographics, adjustment for confounders, and PA assessment [18-22].

Many studies have found a link between brain volume and several types or intensities
of PA. According to Varma et al., in a sample of non-demented, preponderantly physically
inactive older people, increased walking on a daily basis was linked with a higher level
of hippocampus volumes among the older female population [23]. They also noted that,
compared to the control brain region, thalamus volume, this link was limited to hippocam-
pus volume and remained significant for low-intensity walking activity, irrespective of
moderate- to vigorous-intensity activity or self-reported exercise.

The hippocampus is known to have a role in learning and memory and spatial nav-
igation, emotional behavior, and hypothalamic function regulation. The current study’s
findings show a significant positive relationship between the left hippocampus and PA. We
found that the left hippocampus was positively associated with total PA. This observation is
consistent with previous research. A one-year exercise intervention study done by Erickson
et al. showed that aerobic exercise was found to be beneficial in increasing the size of
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the hippocampus. The study also suggests that the effect of exercise was rather selective,
affecting only the anterior hippocampus and neither the thalamus nor the caudate nucleus,
based on the several regions they had examined. This suggests that exercise does not have
the same effect on all brain regions [24]. Similarly, Ruotsalainen I et al. discovered that
aerobic fitness, but not PA, is related to grey matter volume [25].

Additionally, we found a significant negative association between vigorous PA and
the left hippocampus. We have considered the time spent in low, moderate, and vigorous
PA in the current study. Vigorous-intensity PA has not been investigated separately from
moderate PA for its association with brain volume in our literature evaluation. Previous
research that looked at the influence of exercise on the hippocampus volume found either
positive or null results. The results from our study seem to be contradictory to the existing
evidence. However, a randomized control trial conducted by Pani J et al. to show the effect
of different intensity exercises on brain volume demonstrated a similar result. After a study
period of five years, they found that the High-Intensity Interval Training group exhibited
considerably more hippocampus atrophy in the CA1 and hippocampal body while it was
still within normal limits [26].

The PCC is one of the metabolically active regions and is highly connected with other
brain regions. An article published by Leech et al. talks about the significance of the
posterior cingulate cortexin cognition and disease. Reduced metabolism in the PCC is
a symptom of Alzheimer’s disease that typically appears before a clinical diagnosis is
made [27]. A study by Voss M et al. showed that aerobic fitness is positively associated
with functional connectivity of the PCC and other brain regions [28]. We could not find any
significant association between the PCC and PA in the present study.

Many cognitive processes have been linked to the parahippocampal cortex (PHC),
including visuospatial processing and episodic memory. Siddarth P et al. conducted a
pilot study to look for the effect of PA on hippocampal sub-regions in older adults having
memory complaints. Their results show that the high PA group had a greater thickness
of the PHC [5]. However, in the present study, we could not find an association between
parahippocampal volume and PA.

It is well-known that memory function is reliant on the hippocampus and amygdala,
and atrophy in these areas is an early indication of Alzheimer’s disease. A study by Moored
et al. identified that partaking in a wider range of activities as a youth was linked to greater
amygdala dimensions in late life [29]. In the current study, we were unable to find a
significant relationship between PA and the amygdala.

Our study findings failed to observe any significant association between sedentary
behavior and brain volume, although there was a negative association between all brain
ROIs except for the right PHC. The impact of sedentary behavior on a person’s health is
well known. Sedentary behavior is linked to an elevated risk of diabetes, hypertension,
and obesity, and a reduction in vascular supply [30]. Sedentary behavior was attributed to
less thickness in the MTL and its subareas according to a study conducted by Siddarth P
et al. [6]. It is unknown what mechanism underpins the relationship between sedentary
behavior and MTL thickness. Sedentary behavior appears to directly impact neurobiological
processes. Sedentary behavior is shown to harm the brain by minimizing neurogenesis,
synaptic plasticity, neurotrophin generation, angiogenesis, and inflammation, which are
pathological mechanisms that impact hippocampal integrity.

In contrast to recent findings, our data finds evidence of a null connection of PA
with the right hippocampus, parahippocampal, posterior cingulate cortex, amygdala, TIV,
GMYV, and WMV. Two factors may explain these disparities in results: first, cross-cultural
differences; second, the study’s cross-sectional design and the technique used to evaluate
PA.

In the present study, we’ve obtained the PA characteristics of participants using
the IPAQ, which gives subjective measurement. Due to the use of self-perceived PA
in observational studies, which is often inexplicable, our current understanding of the
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References

relationship between PA and brain volume remains speculative, necessitating more research
using objectively measured PA.

The causal effect due to PA and sedentary behavior on brain volume cannot be inferred
because of the cross-sectional nature of the study. Many previous studies have included
follow-up of participants after a few years from baseline data collection and change in brain
volume was assessed over a period of time [26,31,32]. Following this strategy might give a
clearer understanding of the effect of lifestyle factors on brain volume.

The current study’s findings were not clinically correlated. Some lifestyle choices like
dietary habits could have an effect on these findings; therefore, future research should
investigate and account for these. Studies like this one, which show links between PA and
neuroimaging measures, are an essential step toward understanding how physical exercise
and sedentary behaviors affect the brain.

Limitations and Recommendations

Since we could not achieve the desired sample size, we could not find a significant
association between brain ROIs (except for the left hippocampus) and brain volumes with
PA and SB. Further studies with a larger sample size might demonstrate a significant
association between PA, SB, and brain volumes.

Since PA measures in the study were self-reported, there are chances of recall and
response bias. Future studies can be done using objectively measured PA instead of a
self-reported questionnaire.

5. Conclusions

Total physical activity is strongly associated with the left hippocampal volumes. Ex-
cept for the hippocampus, the current study found no significant association between
physical activity and other brain structures. Before we can confidently say that engaging in
planned PA is a viable approach for dissipating age-related brain volume losses, particu-
larly cognition-related ROIs, and promoting effective brain aging at the population level,
the association between physical activity, sedentary behavior, and brain volume needs to
be investigated further.

Author Contributions: Conceptualization: D.R. and S.S.; MRI support, RK. and S.R.; Software—
Analyzed all MRI Image: M.G.R.B.; Sedentary behavior Validation: B.C.; writing—review and
editing: A.R.A., YA, A.A. and M.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The Institutional Research Committee (IRC) was accredited
by the Manipal College of Health Professions, MAHE, Manipal. The Institutional Ethics Committee
has approved this study [389/2021] on 13 April 2021. CTRI No: CTRI/2021/08/046624 registered on
2 September 2021.

Informed Consent Statement: The informed consent was taken obtained.

Conflicts of Interest: The authors declare no conflict of interest.

1. Caspersen, C.J.; Powell, K.E.; Christenson, G.M. Physical Activity, Exercise, and Physical Fitness: Definitions and Distinctions for
Health-Related Research. Public Health Rep. 1985, 100, 126-131. [PubMed]
2. Gonzalez, K; Fuentes, J.; Marquez, J.L. Physical Inactivity, Sedentary Behavior and Chronic Diseases. Korean J. Fam. Med. 2017,

38, 111-115. [CrossRef]

3.  Santos, A.C.; Willumsen, ].; Meheus, E; Ilbawi, A.; Bull, F.C. The Cost of Inaction on Physical Inactivity to Public Health-Care
Systems: A Population-Attributable Fraction Analysis. Lancet Glob. Health 2022, 11, e32—€39. [CrossRef] [PubMed]

4. Zavala-Crichton, J.P; Esteban-Cornejo, I.; Solis-Urra, P.; Mora-Gonzalez, J.; Cadenas-Sanchez, C.; Rodriguez-Ayllon, M.;
Migueles, ].H.; Molina-Garcia, P.; Verdejo-Roman, J.; Kramer, A.F,; et al. Association of Sedentary Behavior with Brain Structure
and Intelligence in Children with Overweight or Obesity: The ActiveBrains Project. J. Clin. Med. 2020, 9, 1101. [CrossRef]

[PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/3920711
http://doi.org/10.4082/kjfm.2017.38.3.111
http://doi.org/10.1016/S2214-109X(22)00464-8
http://www.ncbi.nlm.nih.gov/pubmed/36480931
http://doi.org/10.3390/jcm9041101
http://www.ncbi.nlm.nih.gov/pubmed/32290576

Int. |. Environ. Res. Public Health 2022, 19, 17079 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Siddarth, P.; Rahi, B.; Emerson, N.D.; Burggren, A.C.; Miller, K.J.; Bookheimer, S.; Lavretsky, H.; Dobkin, B.; Small, G.; Merrill, D.A.
Physical Activity and Hippocampal Sub-Region Structure in Older Adults with Memory Complaints. J. Alzheimers Dis. 2018, 61,
1089-1096. [CrossRef] [PubMed]

Siddarth, P; Burggren, A.C.; Eyre, H.A.; Small, G.W.; Merrill, D.A. Sedentary Behavior Associated with Reduced Medial Temporal
Lobe Thickness in Middle-Aged and Older Adults. PLoS ONE 2018, 13, e0195549. [CrossRef]

Bergman, F; Matsson-Frost, T.; Jonasson, L.; Chorell, E.; Sorlin, A.; Wennberg, P.; Ohberg, F; Ryberg, M.; Levine, J.A,;
Olsson, T.; et al. Walking Time Is Associated With Hippocampal Volume in Overweight and Obese Office Workers. Front.
Hum. Neurosci. 2020, 14, 307. [CrossRef]

Maasakkers, C.M.; Melis, R.J.F,; Kessels, R.P.C.; Gardiner, P.A.; Olde Rikkert, M.G.M.; Thijssen, D.H].; Claassen, J.A.-H.R.
The Short-Term Effects of Sedentary Behaviour on Cerebral Hemodynamics and Cognitive Performance in Older Adults:
A Cross-over Design on the Potential Impact of Mental and /or Physical Activity. Alzheimers Res. Ther. 2020, 12, 76. [CrossRef]
Maasakkers, C.M.; de Heus, R.A.A.; Thijssen, D.H.J.; Melis, R.J.E; Gardiner, P.A.; Claassen, J.A.H.R. Objectively-Measured
Activity Patterns Are Associated with Home Blood Pressure in Memory Clinic Patients. J. Alzheimers Dis. 2020, 74, 691-697.
[CrossRef]

Lenroot, RK.; Giedd, J.N. The Changing Impact of Genes and Environment on Brain Development during Childhood and
Adolescence: Initial Findings from a Neuroimaging Study of Pediatric Twins. Dev. Psychopathol. 2008, 20, 1161-1175. [CrossRef]
Takeuchi, H.; Taki, Y.; Hashizume, H.; Asano, K.; Asano, M.; Sassa, Y.; Yokota, S.; Kotozaki, Y.; Nouchi, R.; Kawashima, R.
The Impact of Television Viewing on Brain Structures: Cross-Sectional and Longitudinal Analyses. Cereb. Cortex 2015, 25,
1188-1197. [CrossRef]

Mandolesi, L.; Polverino, A.; Montuori, S.; Foti, F.; Ferraioli, G.; Sorrentino, P.; Sorrentino, G. Effects of Physical Exercise on
Cognitive Functioning and Wellbeing: Biological and Psychological Benefits. Front. Psychol. 2018, 9, 509. [CrossRef]

Magnon, V.; Vallet, G.T.; Auxiette, C. Sedentary Behavior at Work and Cognitive Functioning: A Systematic Review. Front. Public
Health 2018, 6, 239. [CrossRef]

Arnardottir, N.Y.; Koster, A.; van Domelen, D.R.; Brychta, R.J.; Caserotti, P; Eiriksdottir, G.; Sverrisdottir, J.E.; Sigurdsson,
S.; Johannsson, E.; Chen, K.Y.; et al. Association of Change in Brain Structure to Objectively Measured Physical Activity and
Sedentary Behavior in Older Adults: Age, Gene/Environment Susceptibility-Reykjavik Study. Behav. Brain Res. 2016, 296, 118-124.
[CrossRef] [PubMed]

von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Getzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Statement: Guidelines for Reporting Observational Studies. Prev. Med. 2007,
45,247-251. [CrossRef] [PubMed]

Craig, C.L.; Marshall, A.L.; Sjostrém, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A,;
Sallis, J.F.; et al. International Physical Activity Questionnaire: 12-Country Reliability and Validity. Med. Sci. Sport. Exerc. 2003, 35,
1381-1395. [CrossRef]

World Health Organization. Global Recommendations on Physical Activity for Health; World Health Organization: Geneva, Switzer-
land, 2010.

Watts, P.; Hayee Shahid, M.; Bertotti, M.; Tobi, P. Social, Cognitive, Behavioural and Neighbourhood Characteristics Associated
with Sedentary Time in Men and Women Living in Deprived Neighbourhoods. Eur. J. Sport Sci. 2017, 17, 904-912. [CrossRef]
[PubMed]

Hartman, Y.A.-W.; Karssemeijer, E.G.A.; van Diepen, L.A.M.; Olde Rikkert, M.G.M.; Thijssen, D.H.]. Dementia Patients Are More
Sedentary and Less Physically Active than Age- and Sex-Matched Cognitively Healthy Older Adults. Dement. Geriatr. Cogn.
Disord. 2018, 46, 81-89. [CrossRef]

Dillon, K.; Prapavessis, H. REducing SEDENTary Behavior Among Mild to Moderate Cognitively Impaired Assisted Living
Residents: A Pilot Randomized Controlled Trial (RESEDENT Study). J. Aging Phys. Act. 2020, 29, 27-35. [CrossRef]

Kurita, S.; Doi, T.; Tsutsumimoto, K.; Hotta, R.; Nakakubo, S.; Kim, M.; Shimada, H. Cognitive Activity in a Sitting Position Is
Protectively Associated with Cognitive Impairment among Older Adults. Geriatr. Gerontol. Int. 2019, 19, 98-102. [CrossRef]
Labonté-LeMoyne, E.; Jutras, M.-A.; Léger, P.-M.; Sénécal, S.; Fredette, M.; Begon, M.; Mathieu, M.-E. Does Reducing Sedentarity
With Standing Desks Hinder Cognitive Performance? Hum. Factors 2020, 62, 603-612. [CrossRef] [PubMed]

Varma, V.R,; Chuang, Y.F; Harris, G.C.; Tan, E.J.; Carlson, M.C. Low-Intensity Daily Walking Activity Is Associated with
Hippocampal Volume in Older Adults. Hippocampus 2015, 25, 605-615. [CrossRef]

Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.; Chaddock, L.; Kim, J.S.; Heo, S.; Alves, H.; White, S.M.; et al.
Exercise Training Increases Size of Hippocampus and Improves Memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017-3022.
[CrossRef] [PubMed]

Dissertations, J. Ilona Ruotsalainen The Association of Physical Activity and Aerobic Fitness with Brain Structure and
Functional Connectivity in Adolescents; 2020; ISBN 9789513983277. Available online: https://www.jyu.fi/edupsy/fi/
tohtorikoulu/psykologian-tohtoriohjelma/valmistuneet-vaitoskirjat/978-951-39-8327-7_vaitos_2020_11_13.pdf (accessed on 18
November 2022).

Pani, J.; Reitlo, L.S.; Evensmoen, H.R.; Lydersen, S.; Wisleff, U.; Stensvold, D.; Haberg, A.K. Effect of 5 Years of Exercise
Intervention at Different Intensities on Brain Structure in Older Adults from the General Population: A Generation 100 Substudy.
Clin. Interv. Aging 2021, 16, 1485-1501. [CrossRef] [PubMed]


http://doi.org/10.3233/JAD-170586
http://www.ncbi.nlm.nih.gov/pubmed/29254088
http://doi.org/10.1371/journal.pone.0195549
http://doi.org/10.3389/fnhum.2020.00307
http://doi.org/10.1186/s13195-020-00644-z
http://doi.org/10.3233/JAD-191310
http://doi.org/10.1017/S0954579408000552
http://doi.org/10.1093/cercor/bht315
http://doi.org/10.3389/fpsyg.2018.00509
http://doi.org/10.3389/fpubh.2018.00239
http://doi.org/10.1016/j.bbr.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26363425
http://doi.org/10.1016/j.ypmed.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17950122
http://doi.org/10.1249/01.MSS.0000078924.61453.FB
http://doi.org/10.1080/17461391.2017.1323951
http://www.ncbi.nlm.nih.gov/pubmed/28492342
http://doi.org/10.1159/000491995
http://doi.org/10.1123/japa.2019-0440
http://doi.org/10.1111/ggi.13532
http://doi.org/10.1177/0018720819879310
http://www.ncbi.nlm.nih.gov/pubmed/31593493
http://doi.org/10.1002/hipo.22397
http://doi.org/10.1073/pnas.1015950108
http://www.ncbi.nlm.nih.gov/pubmed/21282661
https://www.jyu.fi/edupsy/fi/tohtorikoulu/psykologian-tohtoriohjelma/valmistuneet-vaitoskirjat/978-951-39-8327-7_vaitos_2020_11_13.pdf
https://www.jyu.fi/edupsy/fi/tohtorikoulu/psykologian-tohtoriohjelma/valmistuneet-vaitoskirjat/978-951-39-8327-7_vaitos_2020_11_13.pdf
http://doi.org/10.2147/CIA.S318679
http://www.ncbi.nlm.nih.gov/pubmed/34408409

Int. |. Environ. Res. Public Health 2022, 19, 17079 10 of 10

27.
28.

29.

30.

31.

32.

Leech, R.; Sharp, D.]. The Role of the Posterior Cingulate Cortex in Cognition and Disease. Brain 2014, 137, 12-32. [CrossRef]
Voss, M.W.; Erickson, K.I.; Prakash, R.S.; Chaddock, L.; Malkowski, E.; Alves, H.; Kim, ].S.; Morris, K.S.; White, S.M.;
Wojcicki, T.R; et al. Functional Connectivity: A Source of Variance in the Association between Cardiorespiratory Fitness and
Cognition? Neuropsychologia 2010, 48, 1394-1406. [CrossRef]

Moored, K.D.; Chan, T.; Varma, V.R.; Chuang, Y.F; Parisi, ].M.; Carlson, M.C. Engagement in Enriching Early-Life Activities Is
Associated with Larger Hippocampal and Amygdala Volumes in Community-Dwelling Older Adults. ]. Gerontol. Ser. B Psychol.
Sci. Soc. Sci. 2020, 75, 1637-1647. [CrossRef]

de Rezende, L.EM.; Rey-Lopez, ].P.; Matsudo, VK.R.; Luiz, O.D.C. Sedentary Behavior and Health Outcomes among Older
Adults: A Systematic Review. BMC Public Health 2014, 14, 33. [CrossRef]

Voss, M\W.; Heo, S.; Prakash, R.S.; Erickson, K.I; Alves, H.; Chaddock, L.; Szabo, A.N.; Mailey, E.L.; Wdjcicki, TR,
White, S.M.; et al. The Influence of Aerobic Fitness on Cerebral White Matter Integrity and Cognitive Function in Older Adults:
Results of a One-Year Exercise Intervention. Hum. Brain Mapp. 2013, 34, 2972-2985. [CrossRef]

Rusinek, H.; de Santi, S.; Frid, D.; Tsui, W.H.; Tarshish, C.Y.; Convit, A.; de Leon, M.]. Regional Brain Atrophy Rate Predicts
Future Cognitive Decline: 6-Year Longitudinal MR Imaging Study of Normal Aging. Radiology 2003, 229, 691-696. [CrossRef]


http://doi.org/10.1093/brain/awt162
http://doi.org/10.1016/j.neuropsychologia.2010.01.005
http://doi.org/10.1093/geronb/gby150
http://doi.org/10.1186/1471-2458-14-333
http://doi.org/10.1002/hbm.22119
http://doi.org/10.1148/radiol.2293021299

	Introduction 
	Materials and Methods 
	Participants 
	Procedure 
	Physical Activity Assessment 
	Image Acquisition 
	Image Pre-Processing 

	Results 
	Baseline Characteristics 
	Physical Activity among the Participants 
	Association between Brain Volumes, Physical Activity, and Sedentary Behavior 

	Discussion 
	Conclusions 
	References

