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Abstract Cardiorespiratory fitness (CRF) mitigates age-
related decline in cognition and brain volume. Little is 
known, however, about the effects of high-intensity inter-
val training (HIIT) on cognitive aging and the relationship 
between HIIT, cognition, hippocampal subfield volumes, 
and cerebral oxygen extraction fraction (OEF). Older sed-
entary women participated in an 8-week HIIT intervention. 
We conducted cognitive assessments, fitness assessments 
 (VO2max), MRI scans: asymmetric spin echo oxygen 
extraction fraction (ASE-OEF), high-resolution multiple 
image co-registration and averaging (HR-MICRA) imag-
ing, and transcranial Doppler ultrasonography before 
and after the intervention.  VO2max increased from base-
line (M = 19.36, SD = 2.84) to follow-up (M = 23.25, 
SD = 3.61), Z =  − 2.93, p < .001, r = 0.63. Composite 
cognitive (Z =  − 2.05, p = 0.041), language (Z =  − 2.19, 
p = 0.028), and visuospatial memory (Z =  − 2.22, 

p = 0.026), z-scores increased significantly. Hippocampal 
subfield volumes CA1 and CA3 dentate gyrus and sub-
iculum decreased non-significantly (all p > 0.05); whereas 
a significant decrease in CA2 (Z =  − 2.045, p = 0.041, 
r = 0.436) from baseline (M = 29.51; SD = 24.50) to fol-
low-up (M = 24.50; SD = 13.38) was observed. Right hem-
isphere gray matter was correlated with language z-scores 
(p = 0.025; r = 0.679). The subiculum was correlated 
with attention (p = 0.047; r = 0.618) and verbal memory 
(p = 0.020; r = 0.700). The OEF and CBF were unchanged 
at follow-up (all p > .05). Although we observed cognitive 
improvements following 8 weeks of our HIIT intervention, 
they were not explained by hippocampal, OEF, or CBF 
changes.
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Introduction

Even in the absence of brain pathology, aging is asso-
ciated with a decline in cognitive function that begins 
in the 4th decade of life and progressively decreases 
with age [1–3]. Age-related cognitive changes are 
largely attributable to atrophy in the frontal and tem-
poral lobes [4], which underlie cognitive and memory 
processes [5]. Other brain areas also experience age-
related atrophy, including the basal ganglia, thalamic 
and diencephalic structures, accumbens, and cerebel-
lum [4]. Studies show that age-related morphomet-
ric and cellular changes in the brain generally occur 
many years before onset of cognitive decline [6, 7]. 
How and why morphometric and functional changes 
occur are not completely understood. However, stud-
ies suggest an underlying vascular etiology [8–11], 
and that a 28–50% progressive reduction in cere-
bral blood flow (CBF) [9, 12] could be responsible. 
For instance, reductions in CBF are correlated with 
lower  global cognitive scores and executive func-
tion [13] and may be a risk factor that precedes atro-
phy of amygdala and hippocampal structures [8].

In recent years, exercise interventions became a 
major focus when studies began reporting an effect 
of cardiorespiratory fitness (CRF) on age-related 
declines in cognition, brain structure, and CBF [12, 
14–20]. For instance, exercise-induced increases in 
basal ganglia volume [21], caudate nucleus [22], 
gray matter [17, 23], hippocampus [14, 24–26], and 
the prefrontal cortex [27] were reported in adults. 
Erickson and Voss [14] examined the effects of a 
1-year exercise intervention on hippocampal volume 
and memory functions in older participants (N = 120) 
between 55 and 80 years of age. After 1 year, perfor-
mance on a spatial memory task improved in both 
groups, but the exercise group showed a 2% increase 
in hippocampal volume, whereas the stretching group 
showed a 1.4% decrease in the same regions [14]. 
Similarly, endurance-trained athletes had higher CBF 
than sedentary individuals [12, 19].

Cumulative evidence suggests that exercise-induced 
improvements in brain volume impact cognition in 
older adults. Zhao and Tranovich [28] compared cog-
nitive function of elite master athletes (age > 55) and 
sedentary controls (N = 102) and observed faster reac-
tion times and better verbal memory in athletes com-
pared to the sedentary group. In addition, a number 
of randomized controlled trials showed that exercise 

interventions ranging from 12 to 52 weeks, resulting in 
improvements in maximal oxygen uptake  (VO2max), 
were correlated with enhanced cognitive function, 
including attention, executive function, and processing 
speed in older healthy adults [5]; albeit, the exact exer-
cise dosage and intensity needed to improve cognitive 
function remained unclear. Nevertheless, the positive 
benefits of exercise training on cognitive function were 
supported by later meta-analytic studies [5, 15, 29–34].

These studies support the role of CRF and increased 
fitness on CBF, brain volume, and cognition. However, 
blood flow represents only one aspect of cerebral hemo-
dynamics: the availability of blood and oxygen in the 
cerebrovasculature in response to cerebral autoregula-
tion [35, 36]. Yet, the efficiency of the brain tissues to 
extract the available oxygen from the circulation to sat-
isfy the brain’s metabolic needs, or the oxygen extraction 
fraction (OEF), remains relatively unexplored. Findings 
about OEF suggest that OEF increases with age and 
in individuals with vascular pathologies, whereas it 
decreases in patients with Alzheimer’s pathology [37, 
38], and recently, elevated watershed OEF was found to 
be associated with greater white matter hyperintensity 
burden and microstructural impairments in older partici-
pants with cerebral small vessel disease [39].

Based on previous studies that highlighted the role of 
exercise on brain volumes and cognition in older adults, 
we conducted a brief high-intensity interval training 
(HIIT) intervention in sedentary older women. Our pri-
mary aim was to assess the efficacy of our 8-week HIIT 
protocol to initiate cognitive improvements. In addition, 
we conducted exploratory analyses to examine exercise 
effects on hemispheric OEF and hippocampal subfield 
volumes and examined possible relationships with cog-
nitive improvements. We hypothesized that improve-
ments in cognition will be correlated with OEF and 
hippocampal subfield volumes.

Materials and methods

Participants

In light of the small sample of this study and the pos-
sible influence of sex, only women were recruited. 
Potential participants were recruited from the local 
community of Birmingham, Alabama, and under-
went a phone screening interview which included a 
personal history questionnaire, the 6-item cognitive 
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screen [40], and the CHAMPS physical activity 
questionnaire for older adults [41]. All participants 
were screened for exclusion/inclusion criteria prior 
to enrollment. Inclusion criteria were sedentary 
(< 120  min of moderate intensity exercise/week) 
older women between 60 and 75 years of age. Exclu-
sion criteria included significant extracranial carotid 
disease on duplex Doppler,  score < 5 on the 6-item 
cognitive screener [40], history of head trauma with 
loss of consciousness ≥ 30  min or seizures, major 
depression or anxiety disorder, diagnosis of dementia, 
recent substance abuse, uncorrected hearing or vision 
disorders, chronic obstructive pulmonary disease, 
resting systolic blood pressure ≥ 160  mmHg, uncon-
trolled diabetes, BMI ≥ 32, inadequate sonographic 
windows for transcranial Doppler, disease or condi-
tion that would preclude physical activity or exercise, 
and inability to safely undergo MRI (e.g., incompati-
ble implant and claustrophobia). Those enrolled in the 
study underwent further assessment, which included 
a graded exercise test with a 12-lead electrocardio-
gram (ECG); cardiac enzyme levels to exclude for 
underlying major cardiovascular abnormalities and to 
determine whether participants were physically able 
to exercise, had no depression or cognitive impair-
ments, and were able to undergo magnetic resonance 
imaging. Due to its efficiency at initiating rapid car-
diometabolic changes across short durations [42], 
a HIIT protocol was developed (Table 1). The study 
was approved by the University of Alabama at Bir-
mingham Institutional Review Board and all partici-
pants provided written informed consent and received 
monetary compensation for participation.

Baseline assessments were completed within 
1  week of the start of the intervention. Assess-
ments of maximal oxygen consumption  (VO2max) 
were carried out at baseline and follow-up via a 
graded maximal exercise test on a cycle ergometer 
at the UAB Center for Exercise Medicine’s (UCEM) 

clinical exercise facility. Blood was collected imme-
diately prior to the graded exercise test. Cardiac 
specific troponin levels were measured to screen for 
underlying heart injury at baseline only. Hematocrit 
levels were collected at both time points for use in 
OEF calculations.

Maximal oxygen consumption-VO2max

During the exercise test, a 12-lead ECG and blood pres-
sure (BP) were monitored continuously by a nurse prac-
titioner, an exercise physiologist, and the researcher. 
The exercise test continued to maximum, which we 
defined as achievement of at least two of three crite-
ria: (1) heart rate = 220 − age, (2) respiratory exchange 
ratio > 1.15; (3) leveling off of oxygen consumption 
with increasing workload. Expired gases were collected 
throughout the test to monitor  O2 consumption and  CO2 
expiration, and the participant’s perceived effort was 
monitored at each test stage via the standard 6–20 rating 
of perceived exertion (RPE) scale [43]. The graded test 
was terminated prior to reaching physiologic criteria if 
the participant voluntarily stopped the test, the diastolic 
pressure increased drastically (≥ 115  mmHg), or an 
ECG abnormality was noted.

Intervention

Participants engaged in training sessions on stationary 
cycle 95 CS LifeFitness™ ergometers four times per 
week for 8 weeks. All participants wore a Polar™ heart 
rate monitor during each exercise session. Each session 
included 5-min warm-ups and cool downs, and 10 1-min-
ute high-intensity intervals alternating with 1 or 2 min-
utes of active recovery. Training intensity was determined 
using maximum heart rate (MHR) (220 − age), starting at 
70% of MHR (Table 1). All sessions were supervised by 
the researcher and a UCEM staff member.

Table 1  High-intensity 
interval protocol

Week

1 and 2 3 and 4 5 and 6 7 and 8

Work/rest ratio (minutes) 1:2 1:1 1:2 1:1
Number of intervals 10 10 10 10
Interval intensity (%max HR) 70–80% 70–80% 80–90% 80–90%
Warm up/cool down (minutes) 5/5 5/5 5/5 5/5
Total session time in minutes 40 30 40 30



1374 GeroScience (2024) 46:1371–1384

1 3
Vol:. (1234567890)

Neuropsychological tests

Standardized neuropsychological tests designed to 
assess processing speed, memory, attention, and 
executive function, which have been shown sensitive 
to diffuse effects of cardiogenic and cerebral hypop-
erfusion, were administered. All tests (Table 2) have 
published age-adjusted norms and included Center 
for Epidemiologic Studies Depression Scale, Hop-
kins verbal learning test–revised, brief visual memory 
test–revised, controlled oral word association (verbal 
fluency, F, A, S), Boston naming test, Rey-Osterrieth 
complex figure, WAIS-IV digit span and digit symbol, 
and trail making A and B [25, 44, 45]. Our cognitive 
testing format was modified to prevent direct contact 
with eight participants who began the study after the 
COVID-19 lockdown. Participants were seated com-
fortably at a desk in front of a protective plexiglass 
shield behind which an iPad tablet displayed the test 
material. A baby monitor with a camera view allowed 
for communication between the psychometric techni-
cian and the participant.

Center for Epidemiologic Studies Depression 
Scale The CES-D (4-item) is a short self-report scale 
designed to screen for depressive symptoms [46]. This 
measure was used for screening purposes only.

Hopkins Verbal Learning Test‑revised The 
HVLT-R measures verbal learning and memory 
[47]. The HVLT-R is available in six different forms, 
reducing practice effects on repeat administration. 
The HVLT-R includes three learning trials, a delayed 
recall trial (20–25  min), and a “yes”, “no” delayed 
recognition trial.

Brief Visuospatial Memory Test‑revised The 
BVMT-R is used to assess visual memory and con-
sists of six alternate geometric figures presented in 
a matrix. The test includes three learning trials, a 
delayed recall trial (20–25  min), and a recognition 
trial. In each of the learning trials, each figure matrix 
is presented for 10  seconds, after which the partici-
pant is asked to reproduce the figures on a separate 
sheet in the same location as they had been presented 
in the original matrix display. The participant is asked 
to reproduce the figures after a time delay, which is 
followed by a recognition trial [48]

Controlled Oral Word Association The purpose 
of this measure is to assess rapid, oral word list gen-
eration. The participant is asked to produce sponta-
neous words beginning with a given letter [49] (most 
commonly F, A, S) as quickly as possible within 
60 seconds.

Boston Naming Test The BNT consists of 30 draw-
ings of items ranging from simple common words 
(“bed”) to uncommon words (“protractor”) to test oral 
naming abilities. Drawings are presented successively 
and two prompting cues (phonemic or stimulus) are pro-
vided if spontaneous object naming is not produced [50].

Rey‑Osterrieth Complex Figure Test Commonly, 
the RCFT is used to assess visuospatial construction 
ability and visual memory using a complex geometric 
figure and consists of a copy trial and recall trial [51].

Digit Span The Digit Span is a measure of attention 
and working memory. The test is divided into for-
ward span and backward span sections with varying 

Table 2  Cognitive tests 
and domains

For each domain, z-scores 
from the cognitive tests 
were summed and divided 
by the number of tests

Domains Cognitive tests Outcome variable

Visuospatial memory Brief visuospatial memory test Recognition
Executive Digit symbol Time/errors

Trail making-B Time/errors
Language Controlled oral word association test Time

Boston naming test Number correct
Attention Digit span Number correct

Trail making-A Time/errors
Visuospatial ability Rey-Osterrieth complex figure test (copy) Items correct
Verbal memory Hopkins verbal learning test Number correct
Domain composite Average of all tests ––



1375GeroScience (2024) 46:1371–1384 

1 3
Vol.: (0123456789)

difficulty levels from two digits forward to six digits 
backward. In the forward span, a sequence of num-
bers is read aloud to participants, who are asked to 
repeat the same sequence in the same order it was 
presented. Backward span requires that participants 
say the sequence of numbers in backward order [52]. 
WAIS–IV sequencing was not administered.

Digit Symbol A measure of visual attention, scan-
ning and tracking, which consists of one row of nine 
numbered squares with equivalent nonsense symbols 
that serve as a key, below which seven rows, each 
containing 20 blank squares are paired with a number 
from 1 to 9. Following a practice trial, the participant 
is asked to fill in each blank square with the equiva-
lent nonsense symbol that is paired to the number as 
quickly as possible for 120 seconds [52].

Trail Making Test A & B The Trail Making tests [53] 
consist of 25 circles randomly distributed on a sheet of 
paper. In trails-A, the circles are numbered 1–25. Partici-
pants are asked to draw lines connecting the circles in the 
correct ascending order (e.g., 1, 2, 3). In trails-B, the 25 
circles include encircled letter circles (A–L) and number 
circles (1–13). The participant is asked to connect the cir-
cles beginning with 1 and alternating between a number 
and a letter in ascending order (e.g., 1-A, 2-B, 3-C).

For each test, a z-score was derived by calculat-
ing the differences between raw scores and the means 
from a normative population then dividing that num-
ber by the standard deviation of the normative popu-
lation. Z-scores were corrected for age, education, and 
sex when available. Higher z-scores represent better 
function, and 0.5 SD change was considered clini-
cally significant [54]. From these measures, domain 
composites were calculated (Table 2). For each com-
posite cognitive domain, the z-scores from individual 
tests were averaged to calculate a composite z-score.

Transcranial Doppler

Transcranial Doppler (TCD) ultrasonography was 
completed at baseline and follow-up. The TCD 
assesses mean blood flow velocity in the anterior 
intracerebral circulation. Right and left middle cer-
ebral arteries were insonated through the temporal 
acoustic windows at a depth of 50–58  mm using a 
2-MHz probe to perform a continuous recording of 

the cerebral blood flow volume waveforms. After the 
stability of waveforms, mean flow velocity (MFV) 
was recorded.

Imaging

Imaging scans were conducted on a Siemens MAG-
NETOM Prisma 3.0-T whole-body MRI system with 
a 20-channel head coil for 11 subjects at baseline and 
after an exercise intervention. The parameters for 
each of the sequences were maintained between the 
two time points and were as follows: a T1-weighted 
magnetization prepared rapid acquisition with gradi-
ent echo (MPRAGE) sequence with an isotopic voxel 
resolution of 1.0  mm, repetition time (TR) and an 
echo time (TE) of 2300 ms and 2.98 ms respectively, 
a flip angle (FA) of 9, an echo spacing of 7.1 ms, a 
field of view (FOV) of 256  mm, and a turbo spin-
echo (TSE) factor of 208; a three-dimensional fluid-
attenuated inversion recovery (FLAIR) sequence with 
an in-plane resolution of 1 mm × 1 mm, an effective 
slice thickness of 1.2  mm, TR and TE of 4800  ms 
and 441 ms respectively, an echo spacing of 3.4 ms, 
an FOV of 256 mm, and a TSE factor of 243; and a 
variable flip-angle turbo spin echo sequence with an 
isotropic voxel resolution of 0.5 mm, a TR and echo 
time TE of 3200 ms and 561 ms respectively, an echo 
spacing of 5.34 ms, an echo train duration of 1319 ms, 
an FOV of 160 mm, and a TSE of 282. Additionally, 
an axial diffusion tensor imaging (DTI) sequence 
had isotropic voxel resolution of 2.0  mm, maximal 
b value of 1000 s/mm2, TR and TE of 7200 ms and 
56 ms respectively, and monopolar diffusion scheme 
with b values of [0, 500, 1000, and 2000]. The vari-
able flip-angle turbo spin echo sequence was repeated 
4 times per session and the scans were resampled 
to 0.5 × 0.5  mm resolution in-plane resolution with 
0.75-mm slice thickness (A-P) using FSL-FLIRT 
[55], with 3 high-resolution multi-contrast acquisition 
(HR-MICRA) scans created with scan resolutions of 
2 × , 3 × , and 4 × respectively [56].

Asymmetric spin echo-oxygen extraction fraction 
process

The OEF was obtained using a dual-echo asymmet-
ric spin echo sequence with the following imaging 
parameters: TE1/TE2/TR = 61.2/93.2/4100  ms, the 
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time intervals (τ)between the center of π pulse and 
TE/2 are 0 to 22 ms with an increment of 0.5 ms, rep-
etition = 2, in-plane voxel resolution = 1.72 × 1.72 mm 
after in-plane interpolation and slice thick-
ness = 3 mm, and acquisition time = 6 min and 40  s. 
The shift of π pulse provided R2′ decay times of 2τ 
for the first echo (0 to 44  ms with an increment of 
1 ms) and R2′ decay times of 2τ + TE2 − TE1 for the 
second echo (32 to 76 ms).To summarize, the OEF is 
calculated using the reversable transverse relaxation 
rate (R2′) measured by the ASE sequence [57, 58],

where γ is the gyromagnetic ratio; Hct is the frac-
tional hematocrit; � is the fractional venous cerebral 
blood volume; B0 is the magnetic field strength; Δ�0 
is the susceptibility difference between the fully oxy-
genated and fully deoxygenated blood, which has 
been measured to be 0.19 ppm per unit Hct [59] and 
OEF is the oxygen extraction fraction. In this study, 
Hct was measured for each participant of the study 
and an Hct ratio of 0.85 [60] was employed to convert 
the large vessel Hct to a small vessel Hct.

Gray matter (GM), white matter (WM), and cer-
ebrospinal fluid (CSF) probability maps were cre-
ated using the Statistical Parametric Mapping toolbox 
(SPM12). Voxels with probability less than 0.9 of 
being classified as CSF, WM, or GM were removed 
from the mask. Left and right hemisphere subcortical 
segmentations were created using the FreeSurfer soft-
ware ver. 7.0. Joint ROIs were created to review both 
the left and right hemispheres for the identified prob-
ability mappings of CSF, GM, and WM. The mean 
and standard deviation of the estimated OEF derived 
from these ROIs were obtained for each subject. To 
account for intrasubject variation, each subject’s esti-
mated mean OEF were normalized as a ratio with 
respect to the mean OEF for the entire brain for their 
respective subject[61].

Automated segmentation of hippocampal subfields 
(ASHS) volumetry of hippocampal subfields

Hippocampal subregions were found using the ASHS 
software package [61] using the same combinations 
of T1 mprage file and a HR-MICRA. The atlas used 
was the Magdeburg Young Adult 7 T Atlas for sub-
hippocampal structures [62] and Penn Temporal Lobe 

(1)R2
�

=
4

3�
⋅ � ⋅ Δ�0Hct ⋅ B0

⋅ OEF ⋅ �

Epilepsy T1-MRI Whole Hippocampus ASHS Atlas 
[63] for general hippocampal structure and segmen-
tation. The ASHS software calculates the volumes 
of each subfield automatically with a combination 
of multi-atlas segmentation and voting (MASV) and 
a learning-based bias correction/detection scheme 
[64]. The subregions produced by the Magdeburg 
Young Adult 7  T Atlas were both the left and right 
hemispheres; ErC, Area 35, Area 36, PhC, CA1, 
CA2, CA3, DG, Tail, Sub, and Cysts. However, in the 
current study only CA-1, 2, and 3; the dentate gyrus 
and subiculum, which constitute the hippocampus, 
are considered. Assessment of the labels produced in 
this study was manually reviewed for consistency and 
quality. While the editing of hippocampal anatomy 
is possible, it requires advanced knowledge of the 
regions of the hippocampus and multiple reviewers 
to account for interobserver variability. As such, the 
editing of segmentations was not considered for this 
project.

Statistical analyses

A Shapiro–Wilk normality test revealed non-nor-
mally distributed data. Given our small sample size, 
the effects of the intervention were examined using 
non-parametric, paired two–tailed Wilcoxon rank 
tests, and statistical significance was 0.05. Means, 
standard deviations, p-values, and effect sizes are pre-
sented for all variables. Two-tailed correlations using 
absolute difference scores were calculated to assess 
the strength of relationships between our variables of 
interest. Pearson’s correlation coefficients were calcu-
lated for normally distributed change scores, whereas 
Spearman’s rank correlation coefficients were used 
for non-normally distributed change scores. Statisti-
cal analyses were completed using SPSS Statistics 27 
(IBM) software package and GraphPad Prism 9.4.

Results

Participants

Of the 128 women recruited for the study, 72 did not 
meet age requirements, declined due to time restric-
tions, or concerns over possible COVID-19 exposure. 
Another 38 were excluded for contraindicated con-
ditions (COPD, asthma, vasculopathies, anxiety or 
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depression, high BMI, diabetes, claustrophobia, sar-
coidosis, or medications known to interact with brain 
function). The remaining 18 sedentary older women 
were enrolled in the study and underwent further 
assessment. The additional screening led to the exclu-
sion of three women (2 could not complete the graded 
exercise test, one had a claustrophobic response to 
the MRI). Of the remaining 15 women, one partici-
pant dropped out of the study due to personal rea-
sons, and follow-up data from three participants 
could not be collected due to closure of the university 
research facilities during the COVID-19 pandemic. 
Thus, eleven women between the ages of 60 and 75 
(M = 67; SD = 3.99) participated in an 8-week exer-
cise intervention. Adherence to the exercise sessions 
was 97% (31 out of 32 sessions completed) (Table 3).

VO2max

At baseline, the mean  VO2max was 19.36 ml/kg/min 
(SD = 2.84). After the exercise intervention (Fig.  1), 
mean  VO2max rose to 23.25 ml/kg/min (SD = 3.61), 
which was a statistically significant mean increase of 
3.89  ml/kg/min, Z =  − 2.93, p < 0.001, with a large 
effect size (r = 0.63).

Cognition

Baseline cognitive z-scores were within the nor-
mal range (M = 0.14; SD = 0.64). Eight weeks 
of HIIT had a positive effect on cognition in 
older women (Table  4; Fig.  2). Global cognition 
improved (Z = –2.05; p = 0.041) with a large effect 
size (r = 0.44). Visuospatial memory (Z =  − 2.22; 
p = 0.026) and language domains (Z =  − 2.19; 
p = 0.028), both improved significantly with large 
effect sizes (r = 0.47). There were no statistical differ-
ences in executive function, attention, verbal memory, 
and visuospatial ability (all p > 0.05).

Hippocampal subfields

Subfield segmentations  (mm3) showed a significant 
decrease from baseline (M = 29.51; SD = 10.84) to 
follow-up (M = 24.5; SD = 13.38) in the CA-2 hip-
pocampal region, Z =  − 2.045; p = 0.04, with a mod-
erate effect size (r = 0.44). No significant changes 
were observed in any of the remaining subfields 
(Table  5). To test possible relationships between 
cognition and hippocampal subfields, correlations 
were calculated using change scores from cognitive 
domain z-scores and hippocampal subfields (Table 6). 
Results showed positive correlations between the sub-
iculum and attention (p = 0.047; r = 0.618) and verbal 
memory (p = 0.020; r = 0.700) only (Fig. 3).

Oxygen extraction fraction

From baseline to follow-up, we observed an increase 
of 5.8% in left hemisphere gray matter and 5.2% in 
white matter OEF. Right hemisphere gray matter 
decreased 1%, and white matter OEF increased 14%. 
All were statistically non-significant (all p > 0.05) with 
negligible effect sizes (Table  7). To assess whether 
improvements in cognition were associated with OEF, 
correlations were calculated using change scores from 
domain and composite z-scores, and OEF (Table  8). 
Only language correlated with right hemisphere gray 
matter OEF (p = 0.025; r = 0.679) (Fig. 4).

Table 3  Participant demographics

Maximum number of sessions = 32

(N = 11; Black 18%) Mean SD

Age 67.09 3.99
BMI 28.93 3.90
Education 16.09 3.02
Session adherence 31.09 0.83
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Fig. 1  VO2max baseline and follow-up. Asterisks (***) indi-
cate sig. < 0.001
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CBF

Follow-up data for three participants were not collected 
due to COVID-19 restrictions. Therefore, data for only 8 

participants were analyzed. Baseline MFV was 50.77 cc/s 
(SD = 6.46), which was in the normal range. At follow-up 
(M = 51.83; SD 6.81), no change in global hemispheric 
mean flow velocity (MFV) was observed (all p > 0.05).

Table 4  Cognitive domains

Bold represents sig. < 0.05

Baseline Follow-up Paired statistics

Mean SD Mean SD Z P Effect size

Visuospatial memory  − 0.37 0.51 0.27 0.83  − 2.22 0.026  − 0.47
Executive 0.16 0.51 0.17 0.78  − 0.18 0.859  − 0.04
Language  − 0.04 0.60 0.25 0.59  − 2.19 0.028  − 0.47
Attention 0.06 0.67 0.39 0.92  − 1.65 0.1  − 0.35
Verbal memory  − 0.06 0.91 0.53 0.67  − 1.78 0.075  − 0.38
Visuospatial ability  − 0.56 1.27  − 0.69 1.84  − 0.87 0.386  − 0.18
Domain composite  − 0.14 0.64 0.16 0.66  − 2.05 0.041  − 0.44

Fig. 2  Cognitive domains, 
baseline, and follow-up 
domain z-scores. Asterisk 
(*) indicates sig. < 0.05. 
Bars indicate SE
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Table 5  Hippocampal 
subfields in  mm3

Bold represents sig. < 0.05
CA 1–3 cornu ammonis, 
DG dentate gyrus, Sub 
subiculum

Baseline Follow-up Paired differences

Mean SD Mean SD Z P Effect size

CA-1 702.91 102.76 694.08 95.99  − 0.889 0.374  − 0.190
CA-2 29.51 10.84 24.50 13.38  − 2.045 0.041  − 0.436
CA-3 120.24 19.68 110.92 22.42  − 1.067 0.286  − 0.227
DG 529.94 51.58 526.07 46.44  − 0.489 0.624  − 0.104
Sub 810.56 65.52 794.71 85.56  − 0.711 0.477  − 0.152
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Discussion

In this study, we showed the feasibility of an 8-week 
HIIT intervention in older sedentary women. Our high 
session completion rate (31/32 sessions; 97%) was 
robust. After 8 weeks,  VO2max increased by 20%, con-
sistent with previous studies. Østerås and Hoff [65] 

reported a significant increase (13.2%) in  VO2max fol-
lowing 10 weeks of HIIT, while a later study reported a 
9–13% increase after 8 weeks [42]. A strength of the pre-
sent study was the response to our HIIT protocol in com-
parison to other short-duration HIIT studies, and moder-
ate intensity programs ranging from 24 to 52 weeks [14, 
66]. The increase in  VO2max in our study demonstrates 

Table 6  Correlations 
between hippocampal 
subfields and cognitive 
domains

Bold represents sig. < 0.05
CA cornu ammonis, 
DG dentate gyrus, Sub 
subiculum

Hippocampal subfields

CA1 CA2 CA3 DG Sub

Visuospatial memory  − 0.064  − 0.100  − 0.164  − 0.009  − 0.164
Executive  − 0.310 0.087 0.237  − 0.365 0.442
Language  − 0.487  − 0.301  − 0.264 0.347 0.173
Attention  − 0.227  − 0.145 0.527  − 0.415 0.618
Visuospatial ability  − 0.410  − 0.487  − 0.178 0.249  − 0.251
Verbal memory  − 0.027 0.227 0.355  − 0.123 0.700
Domain composite  − 0.518  − 0.200 0.264  − 0.287 0.500
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Fig. 3  Cognition and hippocampal subfields. A As change scores in attention and B verbal memory composites z-scores increased, 
change score in the subiculum increased

Table 7  Oxygen extraction 
fraction

p < 0.05

Baseline Follow-up Paired statistics

Mean SD Mean SD Z P Effect size

Left hemisphere
  Gray matter 1.04 0.04 1.10 0.20  − 0.356 0.722  − 0.076
  White matter 0.97 0.02 1.02 0.17  − 0.267 0.790  − 0.057

Right hemisphere
  Gray matter 1.05 0.04 1.04 0.03  − 1.511 0.131  − 0.322
  White matter 0.85 0.28 0.97 0.30  − 0.533 0.594  − 0.114
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the effectiveness of our protocol, the success of which 
may be ascribed to various factors including (1) duration 
of each session, (2) frequency of training sessions, (3) 
time at intensity, and (4) supervised training.

In line with previous studies [14, 29, 33, 67, 68], 
our HIIT intervention improved some cognitive 
domains in older women. At follow-up, the over-
all cognitive composite, visuospatial memory, and 
language domains were significantly higher with no 
impact on executive, attention, verbal memory, and 
visuospatial ability. Importantly, it is possible that the 
improvements in cognition were a result of practice 
effects. Given the absence of a comparison control 
group, practice effects are difficult to establish. How-
ever, to help mitigate the potential for practice effects, 
form 1 was used at baseline, whereas form 3 was used 
at follow-up for the BVMT-R and HVLT-R.

Our exploratory aims found a global decrease in 
hippocampal subfield volumes after the intervention; 
however, only CA2 significantly decreased at follow-
up. Nevertheless, our findings correspond with stud-
ies that showed significant reductions [69, 70] or no 
changes in hippocampal volumes [17, 71] following 
exercise training. By contrast, other studies reported 
an increase in hippocampal volumes following exer-
cise [14, 26]. In older adults, the increase in the ante-
rior hippocampal regions was correlated with spatial 
memory [14]; however, the longer duration, lower 
intensity of the intervention, and larger sample size 
prevent direct comparison with our study.

All domain mean z-scores except visuospatial abil-
ity improved following the intervention; however, only 
global cognition, visuospatial memory, and language 
domains were significantly different at follow-up. We 
assessed the relationship between cognitive domains 
and hippocampal subfields and found positive rela-
tionships between the subiculum and attention and 
verbal memory domains only. Given the role of the 
subiculum in working memory [72], our results are 
not surprising and suggest that larger volumes in the 
subiculum may be linked to functional performance.

Although our HIIT protocol significantly increased 
fitness levels in older women, we did not observe a 
change in global CBF or hemispheric CBF. Despite the 
small number of datasets (8) we were able to analyze, 
our findings correspond with previous research indi-
cating no effect of an exercise program on CBF in oth-
erwise healthy older individuals. Following a 28-week 
moderate-intensity exercise intervention in older men 
and women, resting middle cerebral artery blood flow 
velocity (MCAv) was relatively unchanged, whereas 
cerebrovascular reactivity in response to hypercapnia 
increased [73]. Similarly, a 12-week exercise interven-
tion showed no change in MCAv in young and older 
adults [74]. Lastly, an interventional study by Klein-
loog and Mensink [75] reported regional changes in 
CBF following a 12-week moderate intensity exercise 
intervention in older men. Using pseudo-continuous 
arterial spin labeling, CBF increased 27% in the fron-
tal lobe and a 19% decrease in the right medial tempo-
ral lobe was reported, whereas global CBF, the gray 
matter CBF, and the right and left CBF were not dif-
ferent from baseline [75].

Our results did not show an effect of our exercise 
intervention on OEF. Although research examining 
the effects of a longitudinal HIIT intervention on OEF 

Table 8  Correlations between OEF and cognitive domains

Bold indicates sig. < 0.05

Oxygen extraction fraction

Left hemisphere Right hemisphere

Gray White Gray White

Visuospatial memory  − 0.009 0.191 0.055  − 0.282
Executive 0.319 0.282 0.205 0.187
Language 0.269  − 0.251 0.679  − 0.132
Attention 0.218 0.336  − 0.400 0.000
Visuospatial ability  − 0.333  − 0.715  − 0.059  − 0.337
Verbal memory 0.627 0.491  − 0.118 0.582
Domain composite 0.236 0.082 0.082 0.045
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Fig. 4  Language and OEF. As change scores in the language 
composite z-scores increased, change score in OEF increased 
in right hemisphere gray matter
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and cognition are scarce, our results are supported by 
one study that showed no change in OEF following 
an acute bout of exercise in young elite male athletes 
[76]. Our correlational analyses identified a positive 
association between the right hemisphere gray mat-
ter OEF and language, which was surprising given 
the presumed dominance of the left hemisphere [77] 
over the right hemisphere in verbal abilities. Recent 
findings, however, provided evidence for bilateral 
activations of both hemispheres with increasing word 
difficulty on verbal tasks, thereby supporting a poten-
tial contribution from the right hemisphere on tasks 
of word retrieval [78]. Our findings are supported by 
a recent study that examined OEF and cognition and 
found a positive correlation between OEF and cogni-
tive performance in older adults [38, 79]. In the set-
ting of vascular disease (e.g., hypertension, hyper-
cholesterolemia, diabetes), however, higher OEF was 
associated with cognitive impairment [38]. Taking 
this into account, we considered vascular risk factors 
in the current study and found that although eight of 
our participants had risk factors, all eight were receiv-
ing antihypertensives and/or statins, and none was 
cognitively impaired at baseline or follow-up, which 
supports a protective effect of medications on cer-
ebral hemodynamics and cognitive function [80, 81].

Limitations

Our results may be limited by several factors. First, 
our small study used a HIIT exercise modality. It is 
unclear if HIIT vs. moderate intensity confers differ-
ent effects on the brain. Our small sample is under-
powered to detect any changes in CBF or brain struc-
tures and we did not include a control group. The 
necessary sensitivity to measure changes in CBF, 
for instance, might have been improved with arterial 
spin labeling MRI. Furthermore, it is not clear if the 
absence of volumetric and OEF changes were due 
to the short duration of the study. This study repre-
sents a first application of the imaging sequences to 
assess changes following an exercise intervention. 
We collected 4 scans to assess hippocampal subfield 
volumes, which may have reduced the sensitivity of 
an otherwise powerful imaging tool to detect small 
variations. Additionally, to increase participant com-
fort during image acquisition, we used a 20-chan-
nel head coil instead of the 64-channel head coil. 
More scans (~ 8 +) and the use of the 64-channel 

head coil could have yielded better clarity providing 
more detailed measures of changes [56]. Similarly, 
our OEF sequence excludes subcortical and cerebel-
lar structures. Considering that volumetric changes 
are known to occur selectively across the brain [14, 
82], any potential changes in OEF in the subcortical 
regions including the hippocampus were not cap-
tured by our OEF imaging protocol. Therefore, it 
remains to be determined if our imaging sequences 
can be used to provide accurate estimates of the 
effects of exercise on the whole brain. Lastly, taking 
into account the brief interval between baseline and 
follow-up, it is possible our cognitive improvements 
were the result of practice effects rather than func-
tional improvements.

In summary, our data suggest that a short-term 
HIIT exercise intervention is feasible and provides 
sufficient stimulus to increase  VO2max and cognitive 
function significantly in older sedentary women. Fur-
thermore, our intervention provided exploratory data 
on the effects of the 8 weeks of exercise on OEF, hip-
pocampal subfield volumes, and CBF. Future studies 
would be well-served by a larger sample, a control 
group, a longer exercise intervention, and additional 
subfield scans to increase image clarity.
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