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Abstract: We aimed to investigate the effects of maternal obesity on brain structure and metabolism 
in frail women, and their reversibility in response to exercise. We recruited 37 frail elderly women 
(20 offspring of lean/normal-weight mothers (OLM) and 17 offspring of obese/overweight mothers 
(OOM)) and nine non-frail controls to undergo magnetic resonance and diffusion tensor imaging 
(DTI), positron emission tomography with Fluorine-18-fluorodeoxyglucose (PET), and cognitive 
function tests (CERAD). Frail women were studied before and after a 4-month resistance training, 
and controls were studied once. White maTer (WM) density (voxel-based morphometry) was higher 
in OLM than in OOM subjects. Exercise increased WM density in both OLM and OOM in the cere-
bellum in superior parietal regions in OLM and in cuneal and precuneal regions in OOM. OLM 
gained more WM density than OOM in response to intervention. No significant results were found 
from the Freesurfer analysis, nor from PET or DTI images. Exercise has an impact on brain mor-
phology and cognition in elderly frail women. 
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1. Introduction 
Frailty is a clinical syndrome that develops as a consequence of age-related decline 

in many physiological systems including the brain, which collectively results in vulnera-
bility to health status changes triggered by minor stressors [1]. Frailty is also associated 
with cognitive impairment and/or faster cognitive decline and dementia [1]. The estab-
lished links between frailty, cognitive decline, and functional impairments prompt the ne-
cessity to investigate brain structure in frailty [2]. Voxel based morphometry (VBM) can 
provide measures of white and gray maIer density [3-6]. Ageing of the brain is not ac-
companied by significant neuronal loss [7]; whereas, WM volume rapidly declines after 
60–70 years of age across multiple regions [8,9]. 

Maternal obesity during pregnancy affects the development of the growing fetus [10-
12] and increases offspring risk of morbidities in later life [13]. Offspring of obese mothers 
have an increased risk to develop neurodevelopmental complications, such as cognitive 
decline and symptoms of aIention deficit hyperactivity disorder in childhood, eating dis-
orders in adolescence, and psychotic disorders in adulthood [14,15]. Maternal obesity was 
shown to increase the risk of intellectual disability or cognitive deficits by up to 3.6 fold in 
the offspring [16-19]. Nonetheless, the effects of maternal adiposity on the offspring’s 
brain structure remain poorly characterized. 

Neurobiological mechanisms suggest that the age-related decline in white maIer 
(WM) affecting the structural integrity of myelin contributes to alterations in cognitive 
abilities [20]. Diffusion tensor imaging (DTI), in particular fractional anisotropy maps, can 
provide measures of structural integrity of white maIer [3]. One DTI study in 39-week-
old infants found that WM integrity was reduced in several brain regions in offspring of 
obese mothers (OOM) compared to offspring of lean mothers (OLM) [21]. WM integrity 
abnormalities and cognitive impairments have also been associated with frailty in elderly 
subjects [22]. To our knowledge, white maIer integrity has not investigated in frail off-
spring of obese and lean mothers. 

Brain glucose uptake is intimately associated with brain health and neurodegenera-
tive disease [23,24]. Furthermore, offspring of obese mothers have altered skeletal muscle 
glucose metabolism in adulthood [25] and, except for a methodological study [26], we are 
not aware of any studies addressing brain glucose metabolism in vivo in frail OLM or frail 
OOM subjects. Brain glucose uptake measured via [18F]FDG PET in the brain can also be 
used to measure acute and chronic effects of exercise [27]. 

Physical activity is beneficial in frail subjects [28-31], and can have beneficial effects 
in multiple systems including brain and cognition [32-34]. Both aerobic and non-aerobic 
interventions increased functional connectivity in the brain of older adults after one year, 
and non-aerobic training was already effective within 6 months [35]. Mild-intensity exer-
cise could prevent prefrontal volume reduction due to ageing and decelerate cognitive 
decline [36]. However, to our knowledge, no study has investigated the possible volume 
changes in the brain following a regime of resistance training in frail OLM subjects, as 
compared to frail OOM subjects. 

Therefore, this study was designed to examine the effects of maternal obesity (OLM 
compared to OOM) on brain structure and metabolism in frail women, and the possible 
reversible effects of exercise on the alterations evidenced by group comparisons. We hy-
pothesized that frail elderly women have decreased GM and WM density, volume, and 
metabolism compared to controls not statistically different for age/gender/body mass in-
dex (BMI). By conducting a resistance exercise training intervention, we sought to reduce 
alterations in brain structure and metabolism of frail OOM and OLM. 

2. Materials and Methods 
2.1. Study Subjects 

Study subjects were enrolled from the Helsinki Birth Cohort Study II (HBSC) [13], 
the largest and one of the best-characterized longitudinal cohorts spanning the entire 
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lifespan. Details about inclusion and exclusion criteria have been described in our previ-
ous study [25]. Briefly, 37 elderly women were selected as frail (F) participants and 9 non-
frail elderly women as controls (CTR); BMI and age were not statistically different be-
tween the groups. Grip strength measurements were used to stratify frail and non-frail 
women according to the median of the HBSC clinical sub-cohort obtained in a previous 
clinical investigation [37-39]. To investigate the effect of maternal obesity, the F group was 
additionally divided into two groups according to maternal BMI at pregnancy: offspring 
of lean mothers (OLM) with maternal BMI ≤ 26.3 kg/m2 (lower half of the HBSC popula-
tion) and offspring of obese mothers (OOM) with maternal BMI ≥ 28.1 kg/m2 (highest 
quartile of the HBSC population). CTR group individuals were non-frail and born-to-lean 
mothers (BMI ≤ 26.3 kg/m2). We excluded diabetic subjects with insulin treatment and 
subjects with fasting glucose > 7 mmol/L [25]. The nature and risks of the study were ex-
plained, and all subjects gave their wriIen informed consent. The study protocol was ap-
proved by the Ethics CommiIee of the Hospital District of Southwest Finland and con-
ducted according to the principles of the Declaration of Helsinki. 

2.2. Study Design 
The F group (further subdivided into OLM and OOM) and the CTR group were stud-

ied at baseline, and the F group again after 4 months of a supervised resistance training 
intervention program. The intervention consisted of training sessions three times a week, 
for 60 min. Subjects participated on average in 78.6% of all training sessions and there 
were no significant between the group differences in adherence to the supervised re-
sistance training program. Details on the exercise program are reported in our previous 
publication [25]. The examinations (at baseline and after intervention) consisted of brain 
MR (MRI and DTI) and [18F]FDG-PET studies performed in an overnight fasting state. 

2.3. MRI 
Brain imaging involved an T1-weighted scan and a DTI scan with a Philips Gyroscan 

Intera 1.5T Nova Dual scanner (Philips, Best, The Netherlands) at the Turku PET Centre. 
T1-weighted images were acquired following parameters: 3D FFE (flip angle 30°), SENSE 
2, TR 25 ms, TE 4.6 ms, acquisition voxel size 1.17/1.17/1.00 mm, and reconstructed image 
size 256 × 256 × 256 with voxel size 1.09/1.09/1.0 (with 0.5 mm of gap between slices) mm. 
The DTI were acquired with the following parameters: SENSE 2, single-shot spin-echo 
echo-planar-imaging sequence (half-scan), 32 directions at b = 1000 s/mm2, TR 4286 ms, 
TE 89 ms, acquisition voxel size 2.32/2.36/2.32 mm, and reconstructed image size 122 × 122 
× 60 with voxels size isotropic 2.32 mm. 

2.4. Voxel Based Morphometry (VBM) 
T1-weighted images were segmented with VBM8 toolbox (hIp://dbm.neuro.uni-

jena.de/vbm8) in SPM8 (Wellcome Department of Cognitive Neurology, Institute of Neu-
rology, University College London) implemented in MATLAB R2013a (The MathWorks, 
Inc., Natick, MA, USA). The DARTEL algorithm [40] and non-linear correction for GM 
and WM that takes into account the changes in brain volume was applied. Finally, the 
segmented, normalized, and modulated images were smoothed using a Gaussian kernel 
of 10 mm full width at half maximum (FWHM). After checking the sample homogeneity 
of GM segmented images using covariance with a VBM8 tool, two images from the frail 
group were excluded because their covariance was less than 2 SD. GM density and WM 
density images were further analyzed with the Statistical Parametric Mapping Toolbox 
(SPM 8) in MATLAB 2013a. 

2.5. Cortical Thickness Analysis 
The brain was segmented to GM and WM with FreeSurfer’s image analysis suite (ver-

sion 5.3.0, hIp://surfer.nmr.mgh.harvard.edu) processing pipeline for measurements of 
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cortex area, thickness, folding index, gaussian curvature, and local gyrification index 
(LGI). The 33 default cortical ROIs of Freesurfer were analyzed for statistical difference 
between groups as described in the statistical analysis section. The cerebral cortical sur-
faces were also analyzed with Surfstat (hIp://surfstat.newcastle.edu.au/surf-
stat/main/surfstat.html) to obtain surface-based difference maps between groups as well 
as before and after the intervention. 

2.6. DTI and Tract-Based Spatial Statistics (TBSS) 
The DTI data was pre-processed with FSL tools (FMRIB Software Library, Version 

5.0.4; FMRIB, Oxford, UK) [41] running on OS X, and with in-house bash scripts. The 32 
directions were quality controlled with DTIprep tool (version 1.2.4) [42]. The images were 
corrected for motion and eddy current distortions. After this, the b-vectors (diffusion di-
rections) were rotated correspondingly to the image rotations. BET was used to remove 
non-brain maIer [43]. Next, the diffusion tensors were fiIed (using dtifit, FSL 5.0.4) and 
Fractional Anisotrophy (FA), Mean Diffusivity (MD), and Radial Diffusivity (RD) maps 
were computed. 

Tract-based spatial statistics (TBSS) analysis was performed according to default pro-
cedure [44,45]. First, individual images were normalized: aligned to the default template 
(FMRIB58 at 1 mm resolution) using FLIRT for affine co-registration, followed by FNIRT 
for non-linear co-registration. Second, the mean FA image was generated and reduced to 
FA skeleton, which represents the centers of all tracts common to the entire group. The 
mean FA skeleton was then placed at a threshold FA value of >0.3 to exclude peripheral 
tracts and minimize partial volume. Finally, each participant’s aligned FA, MD, and RD 
images were projected onto the mean FA skeleton and the resulting data were fed into 
voxelwise permutation-based analysis (5000 permutations). We adopted the threshold-
free cluster enhancement with family-wise error correction at p-values less than 0.05. To 
investigate the white maIer from DTI maps in a region-wise analysis, the individual nor-
malized maps (FA, MD RD) were masked with the white maIer tractography atlas JHU 
in ICBM space. Group baseline comparisons for F vs. CTR, OLM vs. CTR and OOM vs. 
CTR, as well as longitudinal comparisons (before and after intervention) for F, OLM and 
OOM have been tabulated for each ROI. The results, both uncorrected and FDR-corrected, 
have been reported in the Supplemental Tables. 

2.7. Positron Emission Tomography (PET)—Brain and Skeletal Muscle Glucose Uptake during 
Clamp 

The PET examination was performed one day before or after the MR examination 
day. During the day of the PET examination, body fat percentage was measured using a 
bioelectrical impedance scale (Omron, model HBF-400-E, Kyoto, Japan). BMI was calcu-
lated via the formula BMI = body weight (kg)/height (m2). During the PET examination, 
the hyperinsulinemic euglycemic clamp was used to induce an insulin-stimulated state, 
while maintaining normoglycemia. The technique allows to estimate whole body insulin 
sensitivity (M-Value) [46] and glucose uptake (GU, [18F]FDG-PET) in different organs dur-
ing insulin stimulation. The protocol for the acquisition of the PET images during clamp 
has already been described elsewhere [25]. In brief, at the beginning of the study, one 
catheter was inserted on each arm of the participant: left arm for glucose, insulin, and 
[18F]FDG injection; right arm for saline infusion and blood sampling. Insulin (Actrapid, 
Novo Nordisk, Copenhagen, Denmark) was infused at rate of 1 mU kg−1 min−1. Normo-
glycemia was maintained via a variable infusion rate of 20% glucose and controlled every 
5–10 min via plasma glucose determinations from arterialized blood. After 40–50 min, 
when a steady state condition was achieved, the participant was moved in the PET/CT 
scanner (Discovery 690, General Electric (GE) Medical systems, Milwaukee, WI, USA). 
[18F]FDG was produced as previously described [25]. The scanning of the different body 
regions started after the radiotracer ([18F]FDG) injection. In order to obtain the first 2 min 
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of the input function from the heart cavity, the chest area was scanned first for 35 min 
(frames 8 × 15 s, 3 × 60 s, 6 × 300 s). The brain was scanned approximately 77 min after 
injection for 15 min (frames 5 × 180 s). Images were corrected for dead time, decay, photon 
aIenuation, and motion. Images in Bq/mL units were converted in GU parametric images, 
via the graphical method (Patlak) [47] utilizing an image-derived input function of 
[18F]FDG activity (heart scan, first 2 min) and from the arterialized venous blood samples 
(collected frequently from the 2nd min during the PET scans), as previously detailed [25]. 
Parametric images were subsequently co-registered and normalized to the MNI template 
and fed into SPM. 

2.8. Cognitive Assessments 
We used cognitive measures obtained in a different study involving the subjects en-

rolled [48]. CERAD (The Consortium to Establish a Registry for Alzheimer’s Disease) tests 
were performed at two time points: at 3 years (on average) before the baseline imaging 
study day and at 6 months (on average) after the end of intervention. Some 4 OLM and 2 
OOM subjects were excluded because the CERAD tests were performed before the end of 
the treatment. For these assessments, CTR were also tested twice (at baseline and after 4 
months with no treatment); different to the imaging studies, for which only the baseline 
study is available. Details of the neurocognitive testing are reported elsewhere [48]. 

2.9. Biochemical Analysis 
Plasma fasting glucose was measured with an automatized enzymatic assay (Cobas 

8000, Roche Diagnostics GmbH, Mannheim, Germany). Serum fasting insulin was meas-
ured using automatized electro-chemiluminescence immunoassay (ECLIA; Cobas 8000, 
Roche Diagnostics GmbH, Mannheim, Germany). 

2.10. Statistical Analysis 
Statistical analysis was performed using SPSS IBM 23.0 statistical program (SPSS Inc., 

Chicago, IL, USA). Data are reported as mean ± standard error of mean (SEM). The statis-
tical analysis of the basic characteristics was carried out as described previously [41]. VBM 
results were placed at threshold p ≤ 0.05 and FDR corrected with minimum cluster size of 
10 mm3. SPM was used to compare the brain images (MR, WM density and GM density 
and PET, GU) of the different study groups (The frail group as a whole (F), as well as 
OOM, OLM and CTR) with two sample t-tests. To evaluate the effect of treatment paired 
t-tests were performed within SPM. Since the Freesurfer analysis was performed on mul-
tiple ROIs, statistical significance was raised to p ≤ 0.01 (uncorrected p values reported) 
and FDR correction was also performed. Additionally, an analysis of the surface of the 
cortex, calculated with Freesurfer, was performed with Surfstat, and a p-value of less than 
or equal to 0.05 (FDR corrected) was considered significant. 

2.11. Correlations 
Voxel-by-voxel correlations between PET (GU) and MRI (WM density, GM density) 

images, after they were re-sliced to match the same image matrix, were performed; a p-
value of less than or equal to 0.05 (FDR corrected) was considered significant. 

Metabolic and cognitive assessments were entered as single covariates in one sample 
t-tests models for the SPM analysis of GU, WM density, and GM density for each separate 
group (F, CTR, OLM, OOM). Results were placed at threshold p ≤ 0.05 and FDR corrected 
with minimum cluster size of 10 mm3. To correct for multiple comparisons, a p-value of 
less than 0.01 was considered statistically significant. GM density correlations were cor-
rected for age, since age resulted related with GM in women [49]. 
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3. Results 
General characteristics of the study groups at baseline and before and after the inter-

vention are presented in Tables 1 and 2, respectively. The mean age and BMI of the groups 
were not statistically different and only women were included. The age range of the 
groups varied slightly, but all fell within a range of 10 ± 2 years. (More information on the 
subject characterization can be found in our previous article [25]. 

Table 1. General characteristics at baseline; comparisons between groups. 

  Controls (n = 9) Frails (n = 37) p OLM (n = 20) OOM (n = 17) p 
Age (years) 71.7 ± 1.0 71.8 ± 0.5 0.98 ^ 72.2 ± 0.6 71.5 ± 0.9 0.27 ^ 
BMI (kg/m2) 27.8 ± 1.4 27.2 ± 0.8 0.70 26.6 ± 1.1 27.9 ± 1.1 0.40 

fP-Glucose (mmol/L) 6.4 ± 0.3 6.0 ± 0.1 0.21 ^ 6.0 ± 0.2 5.9 ± 0.2 0.99 ^ 
fP-Insulin (mU/I) 10.7 ± 2.2 9.5 ± 0.9 0.60 ^ 9.6 ± 1.4 9.4 ± 1.2 0.78 ^ 

Frails (OLM + OOM); OLM = Offspring of lean mothers; OOM = Offspring of obese mothers. Mean 
± SEM. ^ Non-parametric Mann Whitney-U test (Exact sig.). 

Table 2. Effect of exercise on general characteristics in frail groups sub-divided according to mater-
nal BMI. 

 Offspring of Lean Mothers  Offspring of Obese Mothers  
  Baseline (n = 20) Treatment (n = 19) p Baseline (n = 17) Treatment (n = 16) p 

BMI (kg/m2) 26.6 ± 1.1 27.1 ± 1.1 0.52 27.9 ± 1.1 27.6 ± 1.2 0.92 
fP-Glucose (mmol/L) 6.0 ± 0.2 6.1 ± 0.2 0.43 5.9 ± 0.2 5.8 ± 0.2 0.92 

fP-Insulin (mU/I) 9.6 ± 1.4 9.5 ± 1.1 0.70 9.4 ± 1.2 9.7 ± 1.4 0.56 
Mean ± SEM. 

3.1. Comparison between Frail (F) and Non-Frail Control (CTR) Elderly Women 
WM density (VBM) in the right pre- and post-central region of the brain was signifi-

cantly higher in the CTR compared to the F group (Figure 1). GM density (VBM) was not 
different between frail (F) and non-frail control (CTR) women, when controlling for age. 
These results were confirmed by the Freesurfer analysis (33 F vs. 8 CTR), which could not 
establish any significant difference in area, thickness, folding index, or gaussian curvature 
comparing the two groups in the same regions following FDR correction. LGI was not 
different among the groups after FDR correction. Cortical thickness was also not different 
between F and CTR after FDR correction. TBSS and ROI white maIer atlas-based (Sup-
plemental Material) analyses (FA, MD and RD maps) did not reveal difference between 
groups after multiple comparison correction. Brain GU was not different between groups. 

Regarding the cognitive assessments, the CERAD questionnaire evidenced that in the 
verbal fluency and the word recognition tests CTR performed significantly beIer than F 
(p ≤ 0.05, both). 

3.2. Comparison between Offspring of Lean Mothers (OLM) and Offspring of Obese Mothers 
(OOM) (and CTR): The Role of Maternal Obesity 

WM density was not different between OLM and CTR groups but was higher in OLM 
compared to OOM and in CTR compared to OOM in several regions, as evidenced from 
the VBM analysis (Figure 2); significant clusters were found for both comparisons, even 
after correction for age. WM volume (Freesurfer) in the left caudate was higher in CTR vs. 
OOM and in OLM vs. OOM (both p ≤ 0.01); no difference was found between OLM and 
CTR. 
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Figure 1. WM density was greater in controls (CTR) than in frails (F) with statistical minima in zones 
close to the right pre- and post-central regions. The yellow color marks for t-value of the statistical 
test between the groups, with darkest visualized color at p = 0.05. 

 
Figure 2. WM density was greater in OLM compared to OOM (green) and was greater in CTR 
than in OOM (blue). The two-color scales represent the t-values of the statistical test. The lowest 
visualized t-value in the color scales corresponds to p = 0.05. The red area shows the intersections 
between the two statistical maps. 

VBM analysis of GM density did not result in significant differences between the 
three groups (OLM, OOM, and CTR), after correcting for age. 

Freesurfer results confirmed VBM analysis when corrected for FDR, and no differ-
ence remained significant. Cortical thickness statistical surface maps, LGI, TBSS, and ROI 
white maIer atlas-based (Supplemental Material) analyses (FA, MD and RD maps), did 
not show statistical differences between OLM, OOM, and CTR after multiple comparison 
correction. 

Brain glucose uptake was not different between groups. 
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3.3. Effect of Resistance Training on the Brain Structure of Frail Elderly Women 
A resistance training intervention markedly influenced the brain structure of the F 

group. WM density increased significantly in the F group, especially in the cerebellum. 
This was also observed in the OLM and OOM group, separately. Furthermore, OLM 
showed an increase in WM density in parietal superior regions; while, OOM exhibited an 
increase in both the cuneal and precuneal regions (Figure 3). Taking into account the in-
teraction of the group, OLM resulted to have a greater increase in WM density than OOM, 
especially in cerebellum (Figure 3), but also in superior parietal regions. The intervention-
associated increase in WM density was confirmed by a corresponding increase in the left 
cortical WM volume in the frail group (p = 0.009); while, a significant increase in corpus 
callosum (middle anterior) was observed exclusively in the OLM group. 

GM density (VBM) did not change after training when correcting for age. The Free-
surfer analysis confirmed the VBM analysis; neither cortical thickness nor LGI changed 
after intervention in F. 

Brain GU did not change after exercise intervention in F, OLM and OOM groups. 

 
Figure 3. Exercise increased WM density both in OLM (green) and OOM (blue). The two color scales 
represent the t-values of the statistical test. The lowest visualized t-value in the color scales corre-
sponds to p = 0.05. The brain areas where the exercise vs. group interaction resulted in significant 
effects are highlighted in orange. Within these areas, the OLM group exhibited greater increases in 
WM density than the OOM group following 4 months of training. 

3.4. Cognitive Functioning 
CERAD sum (CS) increased significantly after intervention in F (p = 0.022) but also in 

CTR after re-test (p = 0.048) when tested with a paired t-test. With a repeated measure 
general linear model, the effect of resistance training between groups (the interaction be-
tween the two factors) was tested, but it was not statistically significant (p = 0.094). When 
checking for the stability of the CS via linear regression of CS at baseline and after treat-
ment [50], there was no significant correlation between the CS variables in the CTR group; 
hence, there was an indication of instability and random effect causing the increase, while 
in F, the correlation between CS at baseline and after treatment was positive (ρ = 0.70) and 
significant (p < 0.001), indicating higher stability. 
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The CS did not increase significantly in OLM nor in OOM, when analyzed separately. 
When testing the stability of the variable, CS at baseline correlated positively with CS after 
treatment in OLM (ρ = 0.722, p = 0.002), but not in OOM (ρ = 0.422, p = 0.298). 

4. Discussion 
Our main finding is that WM density was reduced in frail women (F) compared to 

control (CTR) women, especially in the right pre- and post-central region. Additionally, 
main differences between OOM and OLM were found at the level of WM. Furthermore, 
both VBM and Freesurfer analyses independently confirmed that WM density atrophy 
was reversed by resistance training in frail elderly women, especially in OLM compared 
to OOM. 

According to a cross-sectional study of 30–90 years old subjects [9], WM volume de-
creases at a faster rate than GM volume in both cerebrum and cerebellum even during 
aging. We expanded the study of Jernigan et al. [9], performed on normal volunteers, in-
vestigating frail elderly women and we observed a reduced WM density in F compared 
to CTR. Considering that our groups were not statistically different in age, this novel find-
ing shows that the frail condition per se is an indicator of WM density reduction. Chen et 
al. reported a reduced GM volume in frail and prefrail populations according to Fried 
definition of frailty [51,52], clustering weight loss, exhaustion, low physical activity, weak-
ness (grip strength), and slowness (walk time). They found that GM was reduced in the 
brains of elderly men and women, especially in the cerebellum in relation to slowness, 
weakness, and low activity. Kant et al. did also find a reduction in total brain volume and 
GM volume in frail compared to non-frail subjects, but not pre-frail compared to non-frail 
subjects [53]. In the present study, we have examined women characterized by the weak-
ness component (in some regards less severe than full-blown frailty syndrome) and per-
formed an extensive series of analyses (VBM, Freesurfer and TBSS) and multiple compar-
isons corrections. We did not detect differences in GM characteristics (GM volume, cortical 
thickness, cortex area, thickness, folding index, gaussian curvature, and LGI) between the 
frail and control groups, in line with the report by Kant et al. [53]. 

Ageing has been associated with lowered fasting brain GU [54]. A study from our 
group provided evidence that brain glucose uptake in response to insulin, as measured 
during hyperinsulinemic euglycemic clamp such as in the current study, is associated 
negatively with age [55]. In the current study, we did not find differences in brain glucose 
uptake during clamp between any of the groups. Our previous study in minipigs showed 
that brain insulin resistance in the offspring of high-fat fed mothers was more evident at 
younger than older ages [56]. Furthermore, in frail subjects from a memory clinic, frailty 
was associated with presence of deep white maIer hyperintensities but not hypometabo-
lism as assessed by PET/SPECT clinical reports (PET scans in fasting condition and not 
quantitatively assessed) [57]. 

Maternal obesity affects between 20.2 and 34% of pregnant women and is a major 
factor influencing offspring health, as shown in animal and human studies [12]. One DTI 
study in infants showed that WM integrity was reduced in OOM compared to OLM in 
several regions [21], and another group showed that local and distal functional connectiv-
ity is different in infants with different maternal BMI [58]. In line with these findings, ob-
serving the subjects in adulthood, we found that WM volume (Freesurfer) and density 
(VBM) were lower in OOM than CTR and OLM, with no difference between OLM and 
CTR. This could be due to altered trajectories of longitudinal decline in white maIer in-
tegrity. Unfortunately, we could not study longitudinal decline due to our study design; 
however, others have done so in elderly participants finding different clusters of white 
maIer decline [59]. We hypothesized that, together with a WM decline (observed), we 
would have found alterations in DTI FA and MD; namely, an increase in MD and a de-
crease in FA in frail subjects according to previous literature [2]. We observed no signifi-
cant differences in DTI maps (FA, MD, RD) with TBSS or ROI level analysis (JHU atlas, 48 
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ROIs) after correcting for multiple comparisons; however, some differences were ob-
served uncorrected, and the Supplemental Tables can be of aid in formulating hypotheses 
on specific regions in future studies with bigger sample sizes. 

Exercise programs in frail elderly differ in their content, seIing, delivery, duration, 
and frequency [29,30,60], and uncertainties remain in the intensity level that is effective 
[28,29]. In this study, weak grip strength-type frail women were enrolled in moderate in-
tensity resistance training, and we sought to find improvement in their health status. In 
our previous publications, we reported that the intervention improved whole body and 
skeletal muscle glucose metabolism in the OOM group [25], and the suppression of en-
dogenous glucose production in the whole frail group [61]. In the current study, however, 
using the same cohort, we found no significant differences between groups in brain GU 
before and after intervention. In our study, the subjects remained supine during the tracer 
uptake period to ensure optimal conditions for the hyperinsulinemic euglycemic clamp. 
The design was chosen due to the nature of our multi-organ study and was possibly 
suboptimal for the purpose of measuring brain glucose uptake. As suggested by the re-
sults of a recent paper, changes in brain GU can be detected after exercise intervention in 
older adults when the tracer is taken up from the subjects’ bodies during walking [62]. 

Instead, resistance training increased WM density in F, both OOM and OLM, espe-
cially in the cerebellum region, which is a motor area. When comparing the increments of 
WM density between OLM and OOM, OLM had a higher increase especially in cerebel-
lum. As reviewed by Thomas et al., aerobic exercise increases capillary diameter in the 
cerebellum in small animals and elderly humans [63]. The changes in brain white maIer 
observed in this study are in line with effects of resistance training in healthy older adults; 
differently from aerobic training, that is believed to predominantly effect gray maIer [64]. 
In support of this notion, underlying mechanisms of plasticity (such as angiogenesis, syn-
aptogenesis, and neurogenesis) that are associated with brain volumetric changes, have 
in fact all been associated with exercise training interventions in animals [64]. 

In this study, the F group performed worse than CTR in two of the CERAD subtests. 
This confirms what has been previously found; namely, that frailty is characterized by 
cognitive decline and incident Alzheimer Disease [65]. Cognitive performance was im-
proved in F after exercise but also in CTR (after 4 months without intervention). Possible 
explanations for an increase in cognitive performance without intervention are: (a) learn-
ing effect; (b) stress in the first testing (less stressed by the second session, as the situation 
is more familiar); (c) active memorization of some tests. However, the stability check (cor-
relation test–retest) [50] highlighted differences. In F, but not in CTR, baseline results pre-
dicted post-intervention results as the two measurements were correlated, which is indic-
ative of stability along time, less random effect, or less variability [50,66]. Stability is con-
sidered a beneficial indicator of resistance to cognitive decline and to major cognitive 
change [67]. The improvement of cognition after exercise is in line with results from a 
recent RCT with 12 weeks of combined exercise intervention (aerobic + resistance + 
ThaiChi) in frail old adults. An improvement on cognitive functions and brain activations 
was found, and the authors also found that a marker of neural efficiency was ameliorated 
[68]. This amelioration in neural efficiency could be speculated to be an effect of our exer-
cise intervention when considered together with the improvement of cognitive perfor-
mance (in a compatible time frame), and especially, the white maIer density findings. It 
is in fact known that white maIer tracts and gray maIer are equally essential for the brain 
connectivity and therefore brain function and cognitive ability [69]. 

Our study had some limitations. WM integrity, WM density, and GM density have 
been associated with increased body fat in elderly females [70,71]; however, our study 
groups F vs. CTR were originally selected to not be statistically different in BMI and age, 
and OLM and OOM did not differ in BMI and age. Hence, we are unable to validate that 
association. We recognize that the study sample is relatively small. It must be noted that 
the study was logistically demanding, since most patients were not living in the local area 
and underwent repeated imaging studies [25]. Though our sample size was relatively 
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small, it was sufficient to detect relevant differences. On the other hand, TBSS and WM 
ROI-based analyses did not survive correction for multiple comparisons. Error in ROI 
sampling of the DTI might have been affected by subject motion and systematic errors, 
including B-spatial distribution in DTI (BSD-DTI) [72], of which the laIer effect can be 
assessed employing anisotropic phantoms. However, in this study these were not consid-
ered due to lack of evidence at the time of the investigations. We enrolled only women to 
improve homogeneity of the findings, and this makes our conclusions difficult to gener-
alize. Women have higher WM volume than males [8], which may have reinforced our 
likelihood to observe group differences and changes in this structure. CERAD examina-
tions were performed three years before the imaging studies and six months after the end 
of the intervention. This might have led to an underestimation of cognitive improvements 
in the exercise study. 

5. Conclusions 
Frail elderly women had decreased WM density compared to similar age non-frail 

women. Women born to an overweight compared to a normal weight mother showed 
lower WM density, suggesting that early programming has long-term effects on brain 
structure, which may contribute to frailty. A four-month resistance training normalized 
WM density in both OLM and OOM, and (although assessed with a different timeline) 
might have contributed to a greater stability in cognitive performance. 
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Author Contributions: Conceptualization, M.B., P.I., V.H., M.S., S.S., J.G.E., L.N. and P.N.; Data cu-
ration, M.B., V.H. and H.L.; Formal analysis, M.B., H.M., V.H., H.L., K.R. and R.P.; Funding acqui-
sition, P.I. and P.N.; Investigation, M.B., V.H., H.L., R.P., M.S. and S.S.; Project administration, M.B., 
P.I. and P.N.; Resources, J.G.E. and P.N.; Supervision, P.I., J.G.E., L.N. and P.N.; Visualization, M.B., 
P.I., H.M., V.H., K.R., L.N. and P.N.; Writing—original draft, M.B., P.I., H.M., V.H., K.R., J.G.E., L.N. 
and P.N.; Writing—review & editing, M.B., P.I., H.M., V.H., H.L., K.R., R.P., M.S., S.S., J.G.E., L.N. 
and P.N. All authors have read and agreed to the published version of the manuscript. 

Funding: This study was supported by grants and funding from the DORIAN EU FP7 (DORIAN–
Developmental ORIgins of healthy and unhealthy AgeiNg: The role of maternal obesity, project 
number 278603), the Academy of Finland, the Finnish Cultural Foundation, the South-Western Fin-
land Cultural Foundation and the Turku University Foundation. Study was conducted within the 
Centre of Excellence in Cardiovascular and Metabolic Diesease, supported by the Academy of Fin-
land, University of Turku, Turku University Hospital and Åbo Academy. 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics CommiTee of Varsinais-Suomen sairaanhoitopiirin 
(VSSHP, Hospital district of southwest Finland) (protocol code ETMK 26/180/2012 and date of ap-
proval 20 March 2012). The study was registered as clinical trial at ClinicalTrials.gov ID: 
NCT01931540. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. 

Data Availability Statement:  

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the de-
sign of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script; or in the decision to publish the results. 

Abbreviations 
BMI, Body mass index; CS, CERAD sum; CTR, Control group; DTI, Diffusion tensor imaging; 

F, Frail group (including both OLM and OOM groups); GM, gray maTer; OLM, Offspring of lean 
mothers (group); OOM, Offspring of obese mothers (group); PET, Positron emission tomography; 
WM, white maTer 

  



J. Clin. Med. 2023, 12, x FOR PEER REVIEW 12 of 14 
 

 

References 
1. Clegg, A.; Young, J.; Iliffe, S.; Rikkert, M.O.; Rockwood, K. Frailty in elderly people. Lancet 2013, 381, 752–762.  
2. Taylor, J.A.; Greenhaff, P.L.; BartleT, D.B.; Jackson, T.A.; Duggal, N.A.; Lord, J.M. Multisystem physiological perspective of 

human frailty and its modulation by physical activity. Physiol. Rev. 2023, 103, 1137–1191.  
3. Kanai, R.; Rees, G. The structural basis of inter-individual differences in human behaviour and cognition. Nat. Rev. Neurosci. 

2011, 12, 231–242.  
4. Goto, M.; Abe, O.; Hagiwara, A.; Fujita, S.; Kamagata, K.; Hori, M.; Aoki, S.; Osada, T.; Konishi, S.; Masutani, Y.; et al. Advantages 

of Using Both Voxel- and Surface-based Morphometry in Cortical Morphology Analysis: A Review of Various Applications. 
Magn. Reson. Med. Sci. 2022, 21, 41–57.  

5. Farokhian, F.; Yang, C.; Beheshti, I.; Matsuda, H.; Wu, S. Age-Related Gray and White MaTer Changes in Normal Adult Brains. 
Aging Dis. 2017, 8, 899–909.  

6. Ashburner, J.; Friston, K.J. Voxel-based morphometry—The methods. Neuroimage 2000, 11, 805–821.  
7. Bishop, N.A.; Lu, T.; Yankner, B.A. Neural mechanisms of ageing and cognitive decline. Nature 2010, 464, 529–535.  
8. Liu, H.; Wang, L.; Geng, Z.; Zhu, Q.; Song, Z.; Chang, R.; Lv, H. A voxel-based morphometric study of age- and sex-related 

changes in white maTer volume in the normal aging brain. Neuropsychiatr. Dis. Treat. 2016, 12, 453–465.  
9. Jernigan, T.L.; Archibald, S.L.; Fennema-Notestine, C.; Gamst, A.C.; Stout, J.C.; Bonner, J.; Hesselink, J.R. Effects of age on tissues 

and regions of the cerebrum and cerebellum. Neurobiol. Aging 2001, 22, 581–594. 
10. Catalano, P.M.; Presley, L.; Minium, J.; Hauguel-de Mouzon, S. Fetuses of obese mothers develop insulin resistance in utero. 

Diabetes Care 2009, 32, 1076–1080.  
11. Iozzo, P.; Holmes, M.; Schmidt, M.V.; Cirulli, F.; Guzzardi, M.A.; Berry, A.; Balsevich, G.; Andreassi, M.G.; Wesselink, J.J.; Liistro, 

T.; et al. Developmental ORIgins of Healthy and Unhealthy AgeiNg: the role of maternal obesity--introduction to DORIAN. 
Obes. Facts 2014, 7, 130–151.  

12. Schlabris-Loutsevitch, N.; Jauregui, M.; Jain, B. Comment on the Recent Publication in the “New England Journal of 
Medicine”:“Trends in Mental Health Care among Children and Adolescents”(Olfson et al., 2015). J. Depress. Anxiety 2015, 4, 
1000193. 

13. Eriksson, J.G.; Sandboge, S.; Salonen, M.K.; Kajantie, E.; Osmond, C. Long-term consequences of maternal overweight in 
pregnancy on offspring later health: findings from the Helsinki Birth Cohort Study. Ann. Med. 2014, 46, 434–438.  

14. Van Lieshout, R.J.; Taylor, V.H.; Boyle, M.H. Pre-pregnancy and pregnancy obesity and neurodevelopmental outcomes in 
offspring: a systematic review. Obes. Rev. : Off. J. Int. Assoc. Study Obes. 2011, 12, e548–e559.  

15. Bale, T.L. Epigenetic and transgenerational reprogramming of brain development. Nat. Rev. Neurosci. 2015, 16, 332–344.  
16. Heikura, U.; Taanila, A.; Hartikainen, A.L.; Olsen, P.; Linna, S.L.; von Wendt, L.; Jarvelin, M.R. Variations in prenatal 

sociodemographic factors associated with intellectual disability: a study of the 20-year interval between two birth cohorts in 
northern Finland. Am. J. Epidemiol. 2008, 167, 169–177.  

17. Hinkle, S.N.; Schieve, L.A.; Stein, A.D.; Swan, D.W.; Ramakrishnan, U.; Sharma, A.J. Associations between maternal 
prepregnancy body mass index and child neurodevelopment at 2 years of age. Int. J. Obes. 2012, 36, 1312–1319.  

18. Huang, L.; Yu, X.; Keim, S.; Li, L.; Zhang, L.; Zhang, J. Maternal prepregnancy obesity and child neurodevelopment in the 
Collaborative Perinatal Project. Int. J. Epidemiol. 2014, 43, 783–792.  

19. Tanda, R.; Salsberry, P.J.; Reagan, P.B.; Fang, M.Z. The impact of prepregnancy obesity on children's cognitive test scores. 
Matern. Child. Health J. 2013, 17, 222–229.  

20. Madden, D.J.; BenneT, I.J.; Burzynska, A.; PoTer, G.G.; Chen, N.K.; Song, A.W. Diffusion tensor imaging of cerebral white maTer 
integrity in cognitive aging. Biochim. Biophys. Acta 2012, 1822, 386–400.  

21. Ou, X.; Thakali, K.M.; Shankar, K.; Andres, A.; Badger, T.M. Maternal adiposity negatively influences infant brain white maTer 
development. Obesity 2015, 23, 1047–1054.  

22. Kuo, H.K.; Lipsis, L.A. Cerebral white maTer changes and geriatric syndromes: is there a link? J. Gerontol. Ser. A Biol. Sci. Med. 
Sci. 2004, 59, 818–826. 

23. Cunnane, S.; Nugent, S.; Roy, M.; Courchesne-Loyer, A.; Croteau, E.; Tremblay, S.; Castellano, A.; Pifferi, F.; Bocti, C.; Paquet, 
N.; et al. Brain fuel metabolism, aging, and Alzheimer's disease. Nutrition 2011, 27, 3–20.  

24. Mergenthaler, P.; Lindauer, U.; Dienel, G.A.; Meisel, A. Sugar for the brain: the role of glucose in physiological and pathological 
brain function. Trends Neurosci. 2013, 36, 587–597.  

25. Bucci, M.; Huovinen, V.; Guzzardi, M.A.; Koskinen, S.; Raiko, J.R.; Lipponen, H.; Ahsan, S.; Badeau, R.M.; Honka, M.J.; Koffert, 
J.; et al. Resistance training improves skeletal muscle insulin sensitivity in elderly offspring of overweight and obese mothers. 
Diabetologia 2016, 59, 77–86.  

26. Brucher, N.; Mandegaran, R.; Filleron, T.; Wagner, T. Measurement of inter- and intra-observer variability in the routine clinical 
interpretation of brain 18-FDG PET-CT. Ann. Nucl. Med. 2015, 29, 233–239.  

27. Boecker, H.; Drzezga, A. A perspective on the future role of brain pet imaging in exercise science. Neuroimage 2016, 131, 73–80.  
28. Clegg, A.P.; Barber, S.E.; Young, J.B.; Forster, A.; Iliffe, S.J. Do home-based exercise interventions improve outcomes for frail 

older people? Findings from a systematic review. Rev. Clin. Gerontol. 2012, 22, 68–78.  



J. Clin. Med. 2023, 12, x FOR PEER REVIEW 13 of 14 
 

 

29. de Vries, N.M.; van Ravensberg, C.D.; Hobbelen, J.S.; Olde Rikkert, M.G.; Staal, J.B.; Nijhuis-van der Sanden, M.W. Effects of 
physical exercise therapy on mobility, physical functioning, physical activity and quality of life in community-dwelling older 
adults with impaired mobility, physical disability and/or multi-morbidity: a meta-analysis. Ageing Res. Rev. 2012, 11, 136–149.  

30. Theou, O.; Stathokostas, L.; Roland, K.P.; Jakobi, J.M.; PaTerson, C.; Vandervoort, A.A.; Jones, G.R. The effectiveness of exercise 
interventions for the management of frailty: a systematic review. J. Aging Res. 2011, 2011, 569194.  

31. Angulo, J.; El Assar, M.; Álvarez-Bustos, A.; Rodríguez-Mañas, L. Physical activity and exercise: Strategies to manage frailty. 
Redox Biol. 2020, 35, 101513.  

32. Yu, R.; Tong, C.; Ho, F.; Woo, J. Effects of a Multicomponent Frailty Prevention Program in Prefrail Community-Dwelling Older 
Persons: A Randomized Controlled Trial. J. Am. Med. Dir. Assoc. 2020, 21, e291–e294.  

33. Martínez-Velilla, N.; Casas-Herrero, A.; Zambom-Ferraresi, F.; Sáez de Asteasu, M.L.; Lucia, A.; Galbete, A.; García-Baztán, A.; 
Alonso-Renedo, J.; González-Glaría, B.; Gonzalo-Lázaro, M.; et al. Effect of Exercise Intervention on Functional Decline in Very 
Elderly Patients During Acute Hospitalization: A Randomized Clinical Trial. JAMA Intern. Med. 2019, 179, 28–36.  

34. Tarazona-Santabalbina, F.J.; Gómez-Cabrera, M.C.; Pérez-Ros, P.; Martínez-Arnau, F.M.; Cabo, H.; Tsaparas, K.; Salvador-
Pascual, A.; Rodriguez-Mañas, L.; Viña, J. A Multicomponent Exercise Intervention that Reverses Frailty and Improves 
Cognition, Emotion, and Social Networking in the Community-Dwelling Frail Elderly: A Randomized Clinical Trial. J. Am. Med. 
Dir. Assoc. 2016, 17, 426–433.  

35. Voss, M.W.; Prakash, R.S.; Erickson, K.I.; Basak, C.; Chaddock, L.; Kim, J.S.; Alves, H.; Heo, S.; Szabo, A.N.; White, S.M.; et al. 
Plasticity of brain networks in a randomized intervention trial of exercise training in older adults. Front. Aging Neurosci. 2010, 
2.  

36. Tamura, M.; Nemoto, K.; Kawaguchi, A.; Kato, M.; Arai, T.; Kakuma, T.; Mizukami, K.; Matsuda, H.; Soya, H.; Asada, T. Long-
term mild-intensity exercise regimen preserves prefrontal cortical volume against aging. Int. J. Geriatr. Psychiatry 2015, 30, 686–
694. 

37. Syddall, H.; Cooper, C.; Martin, F.; Briggs, R.; Aihie Sayer, A. Is grip strength a useful single marker of frailty? Age Ageing 2003, 
32, 650–656. 

38. Abbatecola, A.M.; Paolisso, G. Is there a relationship between insulin resistance and frailty syndrome? Curr. Pharm. Des. 2008, 
14, 405–410. 

39. Yliharsila, H.; Kajantie, E.; Osmond, C.; Forsen, T.; Barker, D.J.; Eriksson, J.G. Birth size, adult body composition and muscle 
strength in later life. Int. J. Obes. 2007, 31, 1392–1399.  

40. Ashburner, J. A fast diffeomorphic image registration algorithm. NeuroImage 2007, 38, 95–113.  
41. Smith, S.M.; Jenkinson, M.; Woolrich, M.W.; Beckmann, C.F.; Behrens, T.E.; Johansen-Berg, H.; Bannister, P.R.; De Luca, M.; 

Drobnjak, I.; Flitney, D.E.; et al. Advances in functional and structural MR image analysis and implementation as FSL. 
NeuroImage 2004, 23 (Suppl. 1), S208–S219.  

42. Oguz, I.; Farzinfar, M.; Matsui, J.; Budin, F.; Liu, Z.; Gerig, G.; Johnson, H.J.; Styner, M. DTIPrep: quality control of diffusion-
weighted images. Front. Neuroinformatics 2014, 8, 4.  

43. Smith, S.M. Fast robust automated brain extraction. Hum. Brain Mapp. 2002, 17, 143–155.  
44. Rinne-Albers, M.A.; van der Werff, S.J.; van Hoof, M.J.; van Lang, N.D.; Lamers-Winkelman, F.; Rombouts, S.A.; Vermeiren, 

R.R.; van der Wee, N.J. Abnormalities of white maTer integrity in the corpus callosum of adolescents with PTSD after childhood 
sexual abuse: a DTI study. Eur. Child. Adolesc. Psychiatry 2016, 25, 869–878.  

45. Smith, S.M.; Jenkinson, M.; Johansen-Berg, H.; Rueckert, D.; Nichols, T.E.; Mackay, C.E.; Watkins, K.E.; Ciccarelli, O.; Cader, 
M.Z.; MaThews, P.M.; et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. Neuroimage 2006, 
31, 1487–1505.  

46. DeFronzo, R.A.; Tobin, J.D.; Andres, R. Glucose clamp technique: a method for quantifying insulin secretion and resistance. 
Am. J. Physiol. 1979, 237, E214–E223. 

47. Gjedde, A. Calculation of cerebral glucose phosphorylation from brain uptake of glucose analogs in vivo: a re-examination. 
Brain Res. 1982, 257, 237–274. 

48. Heinonen, K.; Eriksson, J.G.; Lahti, J.; Kajantie, E.; Pesonen, A.K.; Tuovinen, S.; Osmond, C.; Raikkonen, K. Late preterm birth 
and neurocognitive performance in late adulthood: a birth cohort study. Pediatrics 2015, 135, e818–e825.  

49. Good, C.D.; Johnsrude, I.S.; Ashburner, J.; Henson, R.N.; Friston, K.J.; Frackowiak, R.S. A voxel-based morphometric study of 
ageing in 465 normal adult human brains. NeuroImage 2001, 14, 21–36.  

50. Heise, D.R. Separating reliability and stability in test-retest correlation. Am. Sociol. Rev. 1969, 93-101 %@ 0003-1224. 
51. Chen, W.T.; Chou, K.H.; Liu, L.K.; Lee, P.L.; Lee, W.J.; Chen, L.K.; Wang, P.N.; Lin, C.P. Reduced cerebellar gray maTer is a 

neural signature of physical frailty. Hum. Brain Mapp. 2015, 36, 3666–3676.  
52. Fried, L.P.; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; GoTdiener, J.; Seeman, T.; Tracy, R.; Kop, W.J.; Burke, G.; et al. 

Frailty in older adults: evidence for a phenotype. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2001, 56, M146–M156. 
53. Kant, I.M.J.; de Bresser, J.; van Montfort, S.J.T.; Aarts, E.; Verlaan, J.J.; Zacharias, N.; Winterer, G.; Spies, C.; Slooter, A.J.C.; 

Hendrikse, J.; et al. The association between brain volume, cortical brain infarcts, and physical frailty. Neurobiol. Aging 2018, 70, 
247–253.  

54. Mosconi, L. Glucose metabolism in normal aging and Alzheimer's disease: Methodological and physiological considerations 
for PET studies. Clin. Transl. Imaging 2013, 1, 217–233.  



J. Clin. Med. 2023, 12, x FOR PEER REVIEW 14 of 14 
 

 

55. Rebelos, E.; Bucci, M.; Karjalainen, T.; Oikonen, V.; Bertoldo, A.; Hannukainen, J.C.; Virtanen, K.A.; Latva-Rasku, A.; Hirvonen, 
J.; Heinonen, I.; et al. Insulin Resistance Is Associated With Enhanced Brain Glucose Uptake During Euglycemic 
Hyperinsulinemia: A Large-Scale PET Cohort. Diabetes Care 2021, 44, 788–794.  

56. SanguineTi, E.; Liistro, T.; Mainardi, M.; Pardini, S.; Salvadori, P.A.; Vannucci, A.; Burchielli, S.; Iozzo, P. Maternal high-fat 
feeding leads to alterations of brain glucose metabolism in the offspring: positron emission tomography study in a porcine 
model. Diabetologia 2016, 59, 813–821.  

57. Jordan, N.; Gvalda, M.; Cody, R.; Galante, O.; Haywood, C.; Yates, P. Frailty, MRI, and FDG-PET Measures in an Australian 
Memory Clinic Cohort. Front. Med. 2020, 7, 578243.  

58. Rajasilta, O.; Häkkinen, S.; BjörnsdoTer, M.; Scheinin, N.M.; Lehtola, S.J.; Saunavaara, J.; Parkkola, R.; Lähdesmäki, T.; Karlsson, 
L.; Karlsson, H.; et al. Maternal pre-pregnancy BMI associates with neonate local and distal functional connectivity of the left 
superior frontal gyrus. Sci. Rep. 2021, 11, 19182.  

59. Poulakis, K.; Reid, R.I.; Przybelski, S.A.; Knopman, D.S.; Graff-Radford, J.; Lowe, V.J.; Mielke, M.M.; Machulda, M.M.; Jack, 
C.R.; Petersen, R.C.; et al. Longitudinal deterioration of white-maTer integrity: heterogeneity in the ageing population. Brain 
Commun. 2021, 3, fcaa238.  

60. Gine-Garriga, M.; Roque-Figuls, M.; Coll-Planas, L.; Sitja-Rabert, M.; Salva, A. Physical exercise interventions for improving 
performance-based measures of physical function in community-dwelling, frail older adults: a systematic review and meta-
analysis. Arch. Phys. Med. Rehabil. 2014, 95, 753–769 e753.  

61. Honka, M.J.; Bucci, M.; Andersson, J.; Huovinen, V.; Guzzardi, M.A.; Sandboge, S.; Savisto, N.; Salonen, M.K.; Badeau, R.M.; 
Parkkola, R.; et al. Resistance training enhances insulin suppression of endogenous glucose production in elderly women. J. 
Appl. Physiol. 2016, 120, 633–639.  

62. Shimada, H.; Ishii, K.; Makizako, H.; Ishiwata, K.; Oda, K.; Suzukawa, M. Effects of exercise on brain activity during walking in 
older adults: a randomized controlled trial. J. Neuroeng. Rehabil. 2017, 14, 50.  

63. Thomas, A.G.; Dennis, A.; BandeTini, P.A.; Johansen-Berg, H. The effects of aerobic activity on brain structure. Front. Psychol. 
2012, 3, 86.  

64. Insandt, B.; Vrinceanu, T.; Huck, J.; Vincent, T.; Montero-Odasso, M.; Gauthier, C.J.; Bherer, L. Comparing the effect of cognitive 
vs. exercise training on brain MRI outcomes in healthy older adults: A systematic review. Neurosci. Biobehav. Rev. 2021, 128, 511–
533.  

65. Buchman, A.S.; Boyle, P.A.; Wilson, R.S.; Tang, Y.; BenneT, D.A. Frailty is associated with incident Alzheimer's disease and 
cognitive decline in the elderly. Psychosom. Med. 2007, 69, 483–489.  

66. Spencer, F.H.; Bornholt, L.J.; Ouvrier, R.A. Test reliability and stability of children's cognitive functioning. J. Child. Neurol. 2003, 
18, 5–11. 

67. Willis, S.L.U.; Schaie, K.W. Cognitive functioning in baby boomers: longitudinal and cohort effects. In The Baby Boomers Grow 
Up: Contemporary Perspectives On Midlife; Whitbourne, S.K., Willis, S.L.U., Eds.; Taylor & Francis: Abingdon, UK, 2014; pp. 205–
234. 

68. Liao, Y.Y.; Chen, I.H.; Hsu, W.C.; Tseng, H.Y.; Wang, R.Y. Effect of exergaming versus combined exercise on cognitive function 
and brain activation in frail older adults: A randomised controlled trial. Ann. Phys. Rehabil. Med. 2021, 64, 101492.  

69. Filley, C.M.; Fields, R.D. White maTer and cognition: making the connection. J. Neurophysiol. 2016, 116, 2093–2104.  
70. Walther, K.; Birdsill, A.C.; Glisky, E.L.; Ryan, L. Structural brain differences and cognitive functioning related to body mass 

index in older females. Hum. Brain Mapp. 2010, 31, 1052–1064.  
71. Ryan, L.; Walther, K. White maTer integrity in older females is altered by increased body fat. Obesity 2014, 22, 2039–2046.  
72. Borkowski, K.; Krzyżak, A.T. Analysis and correction of errors in DTI-based tractography due to diffusion gradient 

inhomogeneity. J. Magn. Reson. 2018, 296, 5–11.  

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


