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ABSTRACT
Introduction: Aquatic Nordic walking (ANW) is a novel whole-body low-impact exercise that

can be practiced by a variety of older adults with chronic conditions. However, its efficacy on
several aspects of health is largely unknown. Purpose: To determine the effects of regular ANW
on glycemic control and vascular function in older adults with type 2 diabetes and mild cognitive
impairment. Methods: Thirty-three older adults with type 2 diabetes aged 60-75 years were
randomly allocated to non-exercising control (n=17) or aquatic Nordic walking (ANW; n=16)
groups. Nordic walking was performed in a pool at water temperature of 34-36°C 3 times per
week for 12 weeks. Results: Measures of functional physical fitness including chair stand, timed
up and go, chair sit and reach, reach and back scratch, and 6-minute walk test scores were all
improved after ANW (all p<0.05). Plasma glucose, glycosylated hemoglobin (HbA;;), and
homeostasis model assessment of insulin resistance (HOMA-IR) decreased (all p<0.05) in ANW.
Vascular reactivity as assessed by brachial flow-mediated dilation (FMD) increased, and arterial
stiffness as assessed by brachial-ankle pulse wave velocity decreased in ANW (all p<0.05). No
significant changes were observed in the control group. Middle cerebral artery pulsatility index
decreased with ANW under normocapnia condition (p<0.05). Cerebrovascular conductance
increased with ANW under hypercapnia condition. Montreal Cognitive Assessment (MoCA)
score increased in the ANW group (P<0.001). Changes in MoCA scores were positively
associated with corresponding changes in brain-derived neurotrophic factor (BDNF) (r=0.540,
P=0.031). Conclusions: Nordic walking in water was a safe and effective innovative exercise
modality to improve glycemic control, vascular function, physical fitness, cerebrovascular
reactivity and cognitive function in older adults with type 2 diabetes.

Key Words: GLYCEMIC CONTROL, VASCULAR FUNCTION, HEALTH-RELATED

PHYSICAL FITNESS
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Type 2 diabetes mellitus is a complex metabolic disease that can lead to a variety of
complications including cardiovascular disease and dementia (1). Both glycemic control and
vascular dysfunction are implicated in the pathogenesis of both cognitive dysfunction and
cardiovascular disease in diabetes (2). Most of the key measures of macrovascular and
microvascular functions, including endothelium-dependent vasodilation is depressed, and central
artery stiffness is elevated in older adults with diabetes (3). A hypothesized physiological
connection is that diabetes-induced vascular stiffening can lead to increased transmission of
pulsatile stress into the microcirculation and impair oxygen delivery to the brain (4). Due to the
lack of energy reserve, the brain relies heavily on the perfusion through the vascular system to
support its energy demand. Additionally, excessive blood flow pulsatility is thought to cause
cerebral microvascular damage as high flow and low resistance organs like the brain would be
highly susceptible to the damages induced by pulsatile stress (5). The impairment in vascular
function can elicit the disturbance in the stringently regulated cerebral homeostasis and triggers a
pathological cascade leading to cognitive decline. A strong correlation between aortic stiffness
and middle cerebral pulsatility has been reported in patients with cerebrovascular disease (6). In
adults with type 2 diabetes, the stiffening of cerebral vessels is associated with reduced
cerebrovascular responsiveness to cognitive tasks and poorer cognitive performance (7).

Regular physical activity has been recommended for older patients with type 2 diabetes
(8). However, the magnitude of benefits induced by regular exercise tends to be less than ideal
on peripheral vascular and cerebrovascular functions (9). An innovative mode of exercise that
exerts potentially large impacts on both functions is Nordic walking exercise conducted in water.
Nordic walking on land is a simple and practical form of whole-body exercise that combines

cardiovascular exercise with strength exercise for upper body muscles. It activates almost 90



percent of whole body muscles (10) and is an effective mode of exercise as it improves physical
fitness (11) and muscular strength (12). However, the effects of Nordic walking on cognitive and
cerebrovascular function are largely unknown in elderly patients with type 2 diabetes. In this
context, the somatotropic map of primary motor cortex (13) indicates that the involvement of
shoulders, arms, hands, and fingers involved in Nordic walking could activate greater parts of
motor cortex and augment cerebral perfusion.

Aquatic exercise can be an excellent modality of whole-body exercise for people of all
ages as it can be performed in the natural properties of water: buoyancy, hydrostatic pressure,
and warming or cooling properties of the water surrounding exercisers (14). Water-based
exercise training produces a variety of beneficial impacts on glycemic control, physical fitness
measures, and both macro and microvascular functions in older patients with type 2 diabetes and
that these effects in many key measures tend to be greater in water-based exercises than in land-
based exercises (15). For instance, water-based exercise can induce a greater increase in cerebral
blood velocity than land-based exercise of matched intensity (16). Aquatic-based treadmill
exercise augments cerebral blood velocity across a range of intensities as middle cerebral artery
blood velocity can be maintained while exercising at lower intensities with greater depths of
water immersion (17). Due to the hydrostatic pressure, water immersion translocates blood
volume to upper body and more specifically to the brain as measured by increased blood flow
velocity in the middle and posterior cerebral arteries (18). A recent study in healthy older adults
reported that water immersion enhanced episodic memory (19). Taken together, these
observations indicate that a combination of Nordic walking and water immersion would be a
very promising and innovative exercise mode for older patient population in general and older

diabetics in particular.



Accordingly, the primary aim of the present study was to investigate the effects of
aquatic Nordic walking on cerebrovascular and cognitive function in elderly patients with type 2
diabetes. Because the glycemic control and vascular function are implicated in the development
of cerebral dysfunction in diabetes, these measures were included as secondary variables.
Because this specific mode of exercise has not gone through detailed research examination,
measures of physical fitness and blood chemistry were also included. We hypothesized that
Nordic walking in water would exert a variety of beneficial impacts on physical fitness, glycemic
control, vascular function, cerebrovascular reactivity, and cognitive impairment in elderly

patients with type 2 diabetes.

METHODS
Participants

A total of 36 older adults with type 2 diabetes aged 60-74 years were recruited from
hospitals in Bangkok, Thailand by invitations using face-to-face inquiries. The inclusion criteria
included hemoglobin A (HbA,.) of 7-9% (20); mild cognitive impairment (Montreal Cognitive
Assessment scores of 18-24) (21); no diabetic complication (retinopathy, nephropathy, and
neuropathy); no musculoskeletal disorders limiting walking; not treated with insulin injection; no
previous exercise training within the past 6 months; and screening and passing by physical
activity readiness questionnaire. All subjects gave written informed consent prior to participation
in the study. The study was approved by the institutional review board at Chulalongkorn
University.

Exercise intervention



The participants were first stratified in sex, age, and Montreal Cognitive Assessment
scores, and then were randomly allocated into either non-exercise control (n=18) or aquatic
Nordic walking (n=18) groups using a simple random sampling technique. One participant in the
control group and 1 participant in the exercise group dropped out due to medical reasons that
were unrelated to the present study (cataract operation and COVID-19 infection).

The participants in the exercise group practiced Nordic walking on land twice to become
familiar with the exercise movement using poles. Additionally, they practiced once in water to
set exercise intensity by using a heart rate monitor (Polar H10, Kempele, Finland). The Nordic
poles were properly adjusted such that poles were in vertical position with the tip on the ground,
with elbow bent at 90°. The Nordic walking technique described by Svensson (22) was followed
including heel strike, upper body lean forward, opposite between arm and leg, and straight arm
swing. Exercises were performed in a swimming pool at water temperature of 34-36°C immersed
to the chest level 3 times per week for 12 weeks. Each exercise bout was 40 minutes in duration
at 40-50% of heart rate reserve for the first 6 weeks and 50-60% heart rate reserve for the last 6
weeks. The total exercise session consisted of a 10-minute warm-up and a 10-minute cool-down,
giving a total session time of 60 minutes per day. The control group were instructed not to
change their lifestyle and physical activity for the intervention duration and continued standard

medical treatments.

Measurements
Participants were requested to avoid alcohol, caffeine, physical exercise, and supplements

for at least 24 hours prior to testing.



Body composition was evaluated with a dual-energy x-ray absorptiometry (GE
Healthcare, Madison, WI). A set of physical function measures for the senior fitness test
developed by Purath et al. (23) were conducted. The tests included reach and back scratch tests
and chair sit and reach tests for upper extremity and lower extremity flexibility, arm curl and
chair stand tests to assess upper and lower extremity strength, timed up and go tests for agility
and dynamic balance, and 2-minute step testing for cardiovascular endurance. In addition, 6-
minute walk test was added to the testing battery (24). The participants were instructed to walk
as fast as possible along markers which were 20-m apart for 6 minutes to cover the maximum
distance.

Brachial-ankle pulse wave velocity (baPWV) was assessed using a noninvasive vascular
testing device (VP-1000plus; Omron Healthcare, Kyoto, Japan) as previously described. Carotid
artery intima-media thickness (IMT) was determined from an ultrasound machine (EPIQ 5
Ultrasound System; Philips Healthcare) equipped with B-mode ultrasonography with a high
frequency linear-array transducer. The longitudinal ultrasound images were obtained over the
common carotid artery between 1 to 2 cm proximal to the bifurcation. Arterial compliance was
measured in the right common carotid artery using the combination of ultrasound imaging of a
common carotid artery diameter and a noninvasive blood pressure (VP-1000plus; Omron
Healthcare, Kyoto, Japan) (25). The ultrasound images were analyzed with the use of image
analysis software (Carotid Analyzer; Medical Imaging Applications).

Flow-mediated dilation (FMD) was measured as an index of endothelium-dependent
vasodilation by using the ultrasound machine (EPIQ 5 Ultrasound System; Philips Healthcare)
equipped with a high-resolution linear-array transducer. The brachial artery of a dominant arm

was imaged 5 cm above the antecubital fossa. The cuff set placed on the forearm was inflated



rapidly to 50 mmHg above systolic blood pressure for 5 minutes and deflated during recovery as
previously described (26). Artery diameters were analyzed by ultrasound images via digital
viewing software (Brachial Analyzer; Medical Imaging Applications). FMD was calculated
using the formula: (peak post-occlusion diameter — baseline diameter)/(baseline diameter) x 100.

Blood velocity in the middle cerebral artery (MCA) was measured noninvasively
using transcranial Doppler ultrasonography (TCD) (EPIQ 5 Ultrasound System; Philips
Healthcare). A 1.8 MHz transcranial Doppler probe was attached to the patient’s head at the right
temporal window (27) in a supine position with the head of bed slightly elevated (30-45%). After
identifying the middle cerebral artery, pulsed-wave Doppler is used to measure the velocity of
blood flow within the vessel continuously. The Doppler sample gate is centered over the MCA’s
red color flow signal to obtain a spectral Doppler waveform. The difference between the long
axis of the MCA itself and the angle of insonation was minimized (to <10-15) for all
participants. After the signals were identified at a depth of 45-60 mm, the probe was fixed with a
probe folder so as to not change the insonating angle (28).

MCA blood velocity was measured separately in three different conditions; normocapnia,
hypocapnia, and hypercapnia conditions as previously described (29). The initial partial pressure
of carbon dioxide (PCO;) was monitored as hypocarbic/hyperventilated (PCO, <35mm Hg),
normocarbic (PCO, 35-45mm Hg), and hypercarbic/hypoventilated (PCO, >45mm Hg).
Hypocapnic cerebral vasoconstriction immediately before hypercapnic stimuli may influence
ensuing vasodilation. Ventilatory gases were continuously measured and acquired via breath-by-
breath using a flow sensor.

After the participant had rested in the supine position for at least 10 minutes, a nose clip

was placed and the participant breathed through a mouthpiece with a Y-valve, with one end open



to room air and the other end connected to a 5L rebreathing bag. Baseline MCA blood velocity,
heart rate, blood pressure, and EtCO, were recorded simultaneously for 3 minutes. During these
measurements, participants were instructed to breathe normally and to avoid body movement or
Valsalva-like maneuvers. After baseline data collection, participants were instructed to perform
voluntary hyperventilation for 20 seconds (1 breath/s) to induce a brief period of hypocapnia.
Heart rate and blood pressure (CARESCAPE V100, GE Dinamap, USA) were obtained during
the first 10 s of hyperventilation while cerebral blood flow in MCA was recorded during the last
20 s of hyperventilation. Following hyperventilation, a 5-minute recovery period was provided to
allow cerebral hemodynamics to return to the baseline. After end-tidal CO, and MCA blood
velocity returned to the baseline following hyperventilation, a respiratory valve was switched to
an air reservoir containing 5% CO; and 21% O, and the participants were asked to breathe
spontaneously for 3 min. The air reservoir was continuously filled from a cylinder whose air
pressure was manually adjusted to subjects respiratory volume.

Then participants breathed air containing a gas mixture of 5% CO, and 21% O, balanced
with nitrogen spontaneously for 3 minutes to induce hypercapnia. Briefly, at the end of a deep
inspiration, the Y-valve of the mouthpiece was switched to the rebreathing bag for 3 minutes to
induce a progressive increase in arterial CO, and then followed by a recovery period for 4
minutes. During rebreathing, a small amount of oxygen was added to the rebreathing bag based
upon each subject’s basal metabolic rate to maintain constant arterial blood oxygen saturation.
The data were recorded during the last minute of hypercapnia.

Pulsatility index (Pl) was calculated as the difference between systolic and diastolic
velocity divided by mean velocity (27, 30). Cerebrovascular reactivity (CVR) was defined as a

percent change in the middle cerebral artery velocity (MCAvV) over an absolute change in end-



tidal CO, (27). The change in CVR was estimated from the three different conditions of end-tidal
CO; levels including normocapnia to hypocapnia, normocapnia to hypercapnia, and hypocapnia
to hypercapnia. Moreover, cerebrovascular conductance index (CVCi) was computed to account
for the effects of changes in mean arterial pressure on MCA blood velocity during 3 conditions
(27). CVR were averages of >5 recorded values in each participant. The formula used to

determine CVR and CVCi are shown below:

CVR (%/mmHg) = %A MCAv /AEnd-tidal CO,

CVCi (cm/sec*mmHg™) = MCAv /MAP

The Montreal Cognitive Assessment (MoCA) evaluates multiple cognitive domains
including visuospatial/executive function, naming, memory, attention, language, abstraction,
delayed recall, and orientation. The MoCA was used also for cognitive screening to detect mild
cognitive impairment (MCI) between 18 — 24 scores from 30 scores (21) as MoCA is highly
sensitive and effective in detecting MCI in patients with type 2 diabetes (31). Concurrent
sensitivity and specificity of MoCA for identifying MCI patients in Thailand are 70% and 95%
with high internal consistency (Cronbach o = 0.744) (21). The Mini-Mental State Examination
(MMSE) is consisted of seven domains including orientation to time, orientation to place,
registration, attention and calculation, word recall, language, and visual construction. The Trail
making test part B was used to measure the executive function. Stroop color and word test was
used to assess the ability to inhibit cognitive interference (32).

After 12-hour overnight fasting, a venous blood sample was collected from the

antecubital vein. Complete blood count (via automated cell counter), concentrations of fasting



plasma glucose (enzymatic assay using hexokinase reaction), insulin (chemiluminescent
microparticle immunoassay), high sensitivity C-reactive protein (immunoturbidimetric assay),
lipids and lipoproteins (enzymatic assays), and glycosylated hemoglobin or HbA;. (enzymatic
assay) were measured in the certified clinical laboratory within the Faculty of Allied Health
Science at Chulalongkorn University. Malondialdehyde (MDA) concentration was estimated by
thiobarbituric Acid (TBA) Assay (Cayman, Ann arbor, MI, USA). Nitric oxide concentration
was measured in a standard Griess reagents (Promega, Madison, MI, USA). Tumor necrosis
factor-a. (TNF-a), adiponectin, interleukin 1 (IL-18), interleukin-6 (IL-6), and brain-derived
neurotrophic factor (BDNF) were analyzed with the commercially available ELISA assay kits
(Sigma-Merck, Saint Louis, MO, USA). Homeostasis Model Assessment of insulin resistance
(HOMA-IR) was calculated using the following formula (33): [Fasting serum insulin (uU/mL) x

Fasting plasma glucose (mg/dL)]/405.

Statistical Analyses

Sample size calculation was conducted using G* power version 3.1.9.2 data analysis
software (Franz Faul, Institute of Psychology, Kiel University, Germany) with the methods of
ANOVA with repeated measures, within-between interaction, with power = 0.8, a-level = 0.05,
and effect size = 0.267. This effect size was from previous study that examined the effect of
aerobic training on cerebral blood flow in elderly with chronic kidney disease (34).

Descriptive data are expressed as means + SD. All data were analyzed using SPSS
(version 23; IBM, Armonk, NY). Grubb’s outlier test (35) was used to detect outliers in the data
sets using GraphPad statistical software (San Diego, CA). As a result, 1-3 outlier points were

eliminated from some variables before the statistical analyses. Inclusion/elimination of these data



points did not alter the primary findings. Prior to the parametric analyses, the normal distribution
was confirmed using a Shapiro Wilk test. A 2 x 2 (group x time) repeated measure ANOVA,
followed by a post hoc test with LSD multiple comparison, were used to evaluate changes in all
variables. Pearson’s correlation coefficient was utilized to evaluate correlations between the
percent pre-and post- test changes in BDNF, CVR normocapnia to hypocapnia condition, CVR
hypocapnia to hypercapnia condition, CVCi hypercapnia condition and changes in Montreal

Cognitive Assessment scores.

RESULTS

All the physical characteristics and blood pressure at baseline were similar between the
groups (Table 1). The participants in ANW completed 100% of the training sessions (all 36
exercise sessions). Body weight, BMI, fat mass, and lean mass did not change in both groups.
Body fat percentage (P=0.009) and heart rate at rest (P=0.010) decreased significantly in ANW.
Brachial blood pressure did not change significantly in both groups.

As shown in Table 2, flexibility as assessed by chair sit & reach and reach & back scratch
improved with ANW (P=0.001, P=0.027) while no such improvements were seen in the control
group. Muscle strength as estimated by chair stand and arm curl increased in ANW (P=0.001,
P=0.001). Timed up and go test and 6-minute walking performance improved in ANW
(P=0.001) while decreased in the control group (P=0.001). Two-minute step test improved only
in ANW.

As showed in Table 3, carotid IMT and baPWV decreased in ANW (P=0.001, P=0.015).
In addition, brachial FMD and arterial compliance increased in ANW (P=0.012, P=0.010) and

higher than control (P=0.005, P=0.001). No such changes were observed in the control group.



As illustrated in Table 4, MCA blood velocity was not different between the groups at
baseline and did not change with either intervention. Pulsatility index decreased in ANW (Pre
1.25+0.15 vs. Post 1.16+0.10, P=0.003) under normocapnia conditions but did not change
significantly under hypocapnia or hypercapnia conditions. CVCi increased with ANW under
hypercapnia conditions (Pre 0.42+0.90 cm/sec*mmHg™ vs. Post 0.47+0.13 cm/sec*mmHg™,
P=0.006). There were no significant changes in cerebrovascular reactivity (CVR) in both groups
under normocapnia to hypercapnia and hypocapnia to hypercapnia conditions. ACVCi/AEtCO,
did not change significantly in either group.

There were no significant changes in hematological variables in any of the groups (Table
5). Glycemic control indicators including plasma glucose concentration, HbAlc, and HOMA-IR
decreased in ANW (P=0.033, P=0.001, P=0.044) and lower than control (P=0.005, P=0.020,
P=0.015). Plasma lipid and lipoprotein concentrations and inflammatory markers did not change
in either group. The concentration of nitric oxide and BDNF increased in ANW (P=0.002,
P=0.028) and higher than control (P=0.030, P=0.023).

As illustrated in Table 6, Montreal Cognitive Assessment score increased in the ANW
group (P=0.001). Notable changes were observed in domains of executive, abstraction, delayed
recall, and orientation. MMSE score did not change significantly in both groups. There were no
significant changes in Stroop color test, trail making test part B in both groups.

The associations between cerebrovascular function and cognitive function measures of
pre-post percent differences in the ANW group are shown in Figure 1. Changes in Montreal
cognitive assessment scores were positively associated with corresponding changes in BDNF
(r=0.540, P=0.031), CVR normocapnia to hypocapnia condition (r=0.741, P=0.001), CVR

hypocapnia to hypercapnia condition (r=509, P=0.044), and CVCi hypercapnia condition



(r=0.550, P=0.027). There were no significant associations between HbAlc and cerebral vascular

measures.

DISCUSSION

Three months of moderate-intensity aquatic Nordic walking produced favorable changes
in multitudes of key measures in elderly patients with type 2 diabetes and mild cognitive
impairment. Markers of glycemic control, indices of health-related physical fitness, key
subclinical measures of vascular dysfunction were all improved significantly with aquatic Nordic
walking. Additionally, selected measures of cerebrovascular reactivity improved with aquatic
Nordic walking and these improvements were associated with corresponding improvements in
cognitive function as well as BDNF. Taken together, these results indicate that Nordic walking
performed in water is a highly effective innovative exercise in improving glycemic control,
physical fitness, vascular function, cerebrovascular reactivity and cognitive function in older
adults with type 2 diabetes and mild cognitive impairment.

Twelve weeks of Nordic walking exercise on land produced significant reductions in
body weight, BMI, HbA;. (36), muscular flexibility, and aerobic fitness (37) in patients with
type 2 diabetes. We have previously demonstrated that an addition of water immersion
augmented the exercise training benefits of moderate cycling training in patients with type 2
diabetes (15). Because exercise is performed in water, viscosity of water results in a drag
resistance during movements of arms and legs resulting in greater exertion under water (38)
leading to increased metabolic rate and hence higher caloric expenditure during exercise (10).
Accordingly, we hypothesized that Nordic walking performed in water could induce multitudes

of benefits with great magnitudes. In addition to a decrease in body fat percentage, aquatic



Nordic walking examined in the present study produced significant reductions in fasting plasma
glucose, HbA;c, and insulin resistance as estimated by the HOMA-IR. We also observed
significant increases in flexibility, both upper and lower muscular strength, and cardiovascular
fitness in elderly patients with type 2 diabetes.

Aquatic Nordic walking improved endothelium-dependent vasodilation as assessed by
brachial flow-mediated dilation, indices of arterial stiffness as assessed by baPWV and carotid
arterial compliance and reduced a marker of subclinical atherosclerosis, carotid artery IMT.
These functional and structural changes in the vasculature are supported by circulating humoral
markers as a significant increase in plasma nitric oxide concentration was observed in the present
study. These collective results indicate that water-based Nordic walking exercise is effective in
improving a variety of macrovascular function in older patients with type 2 diabetes.
Physiological mechanisms underlying these beneficial effects are not clear but it is plausible to
hypothesize that Nordic walking performed in water may have increased blood flow and shear
stress to a greater extent and, in turn, improved endothelium-dependent vasodilation and NO
bioavailability (26).

Type 2 diabetes is related to an elevated risk of cerebrovascular disease and vascular
dementia (39). Arterial stiffness and subsequent loss of the intrinsic buffering capacity increases
hemodynamic pulsatility precipitating cerebrovascular damage and thus cognitive decline (30).
A significant negative correlation between HbA;. and cerebral blood flow in all cortical regions
might reflect a risk of preclinical oligemia due to altered glycemic control, leading to potential
neuronal injury (40). The participants in the present study were elderly patients with type 2
diabetes who exhibited mild cognitive impairment as assessed by Montreal Cognitive

Assessment score below 25. Following Nordic walking in water training, average Montreal



Cognitive Assessment score was increased approximately 15%. The improvement in the
cognitive function was associated with the corresponding changes in cerebrovascular function as
assessed by transcranial Doppler technique. Nordic walking in water improved cognitive
performance in type 2 diabetes. This was associated with increased MCA blood velocity possibly
medicated by PETCO, effects since the cerebrovasculature is very reactive to changes in
PETCO; and contribute to changes in cerebral perfusion (41). Additionally, cerebrovascular
resistance was reduced as reflected by higher CVCi during hypercapnia and lower pulsatility
index in middle cerebral artery in all conditions. There are a number of possible explanations for
the improved cerebrovascular function and the associated improvement in cognitive function
induced by Nordic walking in water. As represented in the somatotropic map of primary motor
cortex, use of fingers, arms, and shoulders involved in the Nordic walking activates greater areas
of the motor cortex in the brain (42). Moreover, hydrostatic pressure surrounding exercisers
translocates blood volume to upper body and increase blood flow and perfusion to the brain (16).
The augmented blood flow by a combination of water immersion and aerobic exercise has the
potential to enhance shear stress-mediated cerebrovascular adaptation linked with improved
brain health (17).

Cerebral circulatory responses to hypocapnia are mediated, at least in part, by endothelial
NO (43). We observed increases in functional measures of peripheral endothelial function as
well as in biochemical markers of endothelial function in the present study. Arterial stiffness has
been implicated in the development of dementia (44) as it is associated with age-related
differences in cerebrovascular conductance (27). In addition, patients with diabetes also
demonstrate increased pulsatility index in the common carotid artery (45). Arterial stiffening,

central pulse pressure, and forward wave energy are major contributors to the transmission of



pulsatility into cerebral vessels (46) and could be damaging to the cerebral microvasculature. In
the present study, arterial stiffness as measured by baPWV and cerebrovascular stiffness as
measured by MCA pulsatility index (PI) were improved by aquatic Nordic walking. Previous
findings demonstrated cerebral reactivity assessed during a cognitive challenge had positive
associations with the cognitive domains of response speed, memory, attention and executive
function (47). The improvement in cognitive function was also associated with the corresponding
increase in BDNF in the aquatic Nordic walking group. BDNF is a neurotropic factor that plays
an important role in protection of neurons from eventual damage, neurogenesis, and
neuroplasticity (48). Indeed, the microcirculation in area of the brain associated with long-term
memory is especially vulnerable to pulsatile stress (49). Taken together, aquatic Nordic walking
may exert cognitive enhancing effects possibly through a variety of underlying mechanisms in
patient with type 2 diabetes.

Aquatic Nordic walking is a whole-body exercise in which both arms and legs are
rhythmically moving forwards and backwards to overcome drag resistance exerted by water.
Accordingly, this can be considered one of the multisensory stimulation trainings to emphasize
motor coordination between arms and legs. Because exercise is conducted in water, effects of
buoyancy minimize excessive joint stress during exercise (50). High thermal conductivity of
water lessens heat-related problems that older adults are more prone to (14). As demonstrated in
the present study, multitudes of favorable changes carrying clinical and functional significance
can be elicited by moderate intensity of exercise that older patient populations can enjoy. There
were no participants in the Nordic walking in water group who suffered from injury. Anecdotal
evidence during the exercise supervision suggests that all the exercisers enjoyed this mode of

exercise. In fact, the exercise adherence/compliance was extremely high at 100%. This



innovative mode of whole-body exercise is a promising exercise that should be evaluated in
larger exercise intervention studies involving different patient populations.

There were several limitations in the current study that must be considered. First, the
number of participants studied was relatively small although this sample size is larger than most
other exercise training intervention studies involving high risk patient populations. Second, we
did not include control/comparison groups that performed Nordic walking on land as well as
walking only or pole swing only groups. Third, because Nordic walking applied to water-based
condition is new, there are a number of issues that are unknown. For example, the level of water
immersion during Nordic walking needs further investigation. Fourth, because transcranial
Doppler flowmeter was used to determine cerebrovascular parameters, a lack of arterial diameter
measurement resulting in an inability to derive volumetric blood flow is another limitation of the

present study.

CONCLUSIONS

In conclusion, the results of the present study demonstrated that Nordic walking in water
exerted beneficial effects on glycemic control, health-related physical fitness, peripheral vascular
function, cerebrovascular reactivity, and cognitive impairment in the elderly patients with type 2

diabetes.
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FIGURE LEGEND

Figure 1: Associations of percent changes (Pre and Post-test) in Montreal Cognitive Assessment
(MoCA) scores with corresponding changes in brain-derived neurotrophic factor (BDNF) (A),
cerebrovascular reactivity (CVR) normocapnia to hypocapnia (B), CVR hypocapnia to

hypercapnia (C), and cerebrovascular conductance index (CVCi) during hypercapnia (D).
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TABLE 1. Selected characteristics before and after 12 weeks of non-exercising control and aquatic Nordic walking in elderly
participants with type 2 diabetes.

Non-exercisin Aquatic D
Variables Control ) Nordi(c] Walking VA Stailtics

Pre Post Pre Post Time Group Interaction Effect size
Male/Female (n) 7/10 - 5/11 -
Age (years) 69.245.3 - 68.9+£3.7 -
Height (cm) 161+8 - 159+6 -
Body weight (kg) 62.9+9.3 62.5£10.2 61.4+10.1 60.5+9.1 0.033 0.621 0.427 0.021
BMI (kg/m2) 24.8+2.7 24.6%3.1 24.2+3.6  23.9+3.3 0.041 0.561 0.330 0.031
Fat mass (kg) 20.9+5.9  20.6%6.0 21.8+7.0 20.9+6.2 0.014 0.768 0.176 0.058
Body fat (%) 34.0£8.2 34.0+7.8 35.8£7.8 34.6x7.4* 0.009 0.655 0.040 0.129
Lean mass (kg) 40.8£8.2  40.918.2 37.6+6.2 37.6+5.9 0.003 0.612 0.593 0.009
Bone mass (kg) 1.10+0.19 1.09+0.18 1.07+0.11 1.08+0.12 0.527 0.744 0.057 0.133
Waist circumference (cm) 86.7+7.2 87.6%8.1 86.7+8.8  86.7+9.3 0.351 0.856 0.351 0.028
Heart rate at rest (bpm) 7249 7318 7514 70£10* 0.010 0.957 0.023 0.172
Systolic BP (mmHg) 130+16 125+18 128+11 122+11 0.003 0.612 0.593 0.009
Diastolic BP (mmHg) 7248 69+9 7318 69+8 0.002 0.893 0.694 0.005
Mean BP (mmHQ) 92+10 87+11 92+8 8619 0.001 0.845 0.643 0.007

Values are means + SD. *P<0.05 vs Pre. BMI = Body mass index, BP = Blood pressure.



TABLE 2. Measures of physical fitness before and after 12 weeks of non-exercising control and aquatic Nordic walking in elderly
participants with type 2 diabetes.

Non-exercising Aquatic

) . Control Nordic Walking QR Starglics
Physical fitness
Pre Post Pre Post Time Group Interaction Effect size

Chair sit & reach (cm) 5.2+7.8 4.5+8.9 1.9+8.8 6.4+9.5* 0.001 0.811 0.004 0.236
Reach & back scratch (cm) -6.3£15.8  -7.7£14.7 -9.7¢109 -6.3£10.6* 0.027 0.815 0.025 0.152
Chair stand 30 sec (times)  15.5£3.7  15.7+4.3 15.3+2.6  19.6+£3.2*% 0.001  0.006 0.001 0.370
Arm curl 30 sec (times) 159+3.1  16.6%+4.0 17.7+2.2  20.6£2.5*%+ 0.001  0.002 0.049 0.124
2-min step test (times) 168+25 174+29 171426 193+23 0.009 0.171 0.109 0.083
Timed up and go test (sec) 7.25+1.37 7.95+1.46* 7.39£0.9 6.80+0.82*+ 0.001  0.009 0.001 0.573
6-min walking (m) 496+96 471+88* 452+61 492+73* 0.001 0.677 0.001 0.428

Values are means + SD. *P<0.05 vs Pre, T P<0.05 vs Control



TABLE 3. Vascular function and structure before and after 12 weeks of non-exercising control and aquatic Nordic walking in elderly
participants with type 2 diabetes.

e ontrol Noréi Walking ANOVA statistics
Vascular measures

Pre Post Pre Post Time Group Interaction Effect size
Carotid IMT (mm) 0.68+0.13 0.67+0.13 0.68+0.16 0.62+0.13* 0.001 0.606 0.025 0.151
baPWV (cm/sec) 17214302 17474205 1802+225 1656+176* 0.015 0.950 0.039 0.143
Arterial compliance (units) 0.24+0.16 0.26x0.11 0.30+0.12 0.48+0.17*% 0.010 0.001 0.029 0.164
Brachial FMD (%) 4.8+2.9 4.5+2.7 4.9+2.2 7.3+2.7*t 0.012 0.005 0.037 0.133

Values are means = SD. *P<0.05 vs Pre, T P<0.05 vs Control.

IMT = intima-media thickness, baPWV = brachial-ankle pulse wave velocity, FMD = flow-mediated dilation.



TABLE 4. Cerebrovascular function before and after 12 weeks of non-exercising control and aquatic Nordic walking in elderly

participants with type 2 diabetes.

Non-exercising

Aquatic

ANOVA Statistics

) Control Nordic Walking
Cerebrovascular function
Pre Post Pre Post Time Group Interaction Effect size

Mean CBFV (cm/s)

Normocapnia 36.318.7 34.3£7.5 39.6+£12.8  40.2+6.8 0.724 0.180 0.534 0.013

Hypocapnia 28.4+7.2 27.6%6.9 33.4+13.0  30.6%8.1 0.368 0.136 0.599 0.010

Hypercapnia 37.9£7.9 37.346.8 40.7£11.5 43.0£10.8 0.602 0.162 0.374 0.027
EtCO: (mmHg)

Normocapnia 40.5+11.5 33.7+9.8* 38.8+8.2 39.9+55 0.008 0.404 0.028 0.146

Hypocapnia 31.0£10.7 25.2+8.2* 29.5%+6.5 30.1+5.1 0.006 0.478 0.028 0.146

Hypercapnia 56.4+9.5 46.9+8.9* 51.0+£7.9 49.9+4.6 0.001 0.629 0.002 0.263
MCA PI

Normocapnia 1.33+0.20 1.38+0.22 1.25+£0.15 1.16+0.10*t 0.009 0.001 0.003 0.255

Hypocapnia 2.06£0.51 2.08+0.44 1.91+0.30 1.78+0.17 0.604 0.022 0.482 0.017

Hypercapnia 1.29+0.20 1.27+0.21 1.18+0.19  1.09+0.15 0.105 0.016 0.286 0.037
CVCi (cm/sec*mmHg™)

Normocapnia 0.39+0.08 0.38+.080 0.40+0.10  0.43£0.08 0.542 0.297 0.193 0.058

Hypocapnia 0.32+0.10 0.30+0.08 0.35+£0.11  0.35+0.08 0.621 0.204 0.597 0.009

Hypercapnia 0.38+0.80 0.35+0.09 0.42+0.09 0.47+0.13** 0.007 0.005 0.006 0.223
CVR (%/mmHg)

Normocapnia - Hypocapnia  2.7+2.07 2.11+1.56 3.33£2.24  3.66%+1.48 0.788 0.032 0.350 0.031

Normocapnia - Hypercapnia 0.36x1.03 0.65%1.04 1.09+1.27 1.25£1.91 0.549 0.056 0.863 0.001

Hypocapnia - Hypercapnia 1.7£1.19 1.85+1.39 1.62+1.42 2.56+1.74 0.099 0.436 0.224 0.049
ACVCi/AEtCO; (%/mmHg)

Normocapnia - Hypocapnia ~ 1.82+2.34 1.76+3.34 1.82+2.06 3.41+1.32 0.223 0.155 0.188 0.055



Normocapnia - Hypercapnia 0.64+1.64 0.76+1.38 1.13+1.97  1.15£1.77 0.886 0.217 0.919 0.001
Hypocapnia - Hypercapnia 1.7+¢1.19 1.85+1.39 1.62+1.42  2.56+1.74 0.099 0.436 0.224 0.049

Values are means = SD. *P<0.05 vs Pre, T P<0.05 vs Control

CBFV = cerebral blood flow velocity, EtCO, = end-tidal CO,, MCA = middle cerebral artery, CVCi = cerebrovascular conductance
index, CVRI = cerebrovascular reactivity index.



TABLE 5. Biochemical variables before and after 12 weeks of non-exercising control and aquatic Nordic walking in elderly
participants with type 2 diabetes.

Non-exercising

Aquatic

_ _ _ Control Nordic Walking AN OV Sy
Biochemical variables
Pre Post Pre Post Time Group Interaction Effect size

WBC (103 /ul) 7.1+1.6 7.1£1.8 6.8+1.6 6.2+1.3 0.128 0.288 0.140 0.069
RBC (10° /ul) 4.6+0.5 4.5+0.4 4.6+0.4 4.5+0.5 0.119 0.952 0.536 0.012
Hemoglobin (g/dl) 13.2+1.0 12.9+0.8 13.2+0.5 12.9+0.9 0.019 0.914 0.641 0.007
Hematocrit (%) 40.4+2.8 39.5+2.3 40.2£1.8 39.9+2.7 0.134  0.906 0.454 0.018
Glucose (mg/dl) 147425 152+40 135421 117+22* 0.033  0.005 0.047 0.129
HbA1c (%) 7.9+0.7 7.620.6 7.8£0.7 7.0£0.7*t 0.001  0.020 0.023 0.156
Insulin (uU/mL) 7.4+2.6 6.8+2.7 6.5+1.9 7.7£2.9 0.484 0.966 0.087 0.101
HOMA-IR (units) 2.94+1.15 3.41+1.56 2.76£1.25 2.17+1.03*+ 0.044 0.015 0.012 0.203
Cholesterol (mg/dl) 164+26 165422 176+44 171435 0.536 0.419 0.339 0.030
Triglyceride (mg/dl) 110+47 110+46 110+33 96+31 0.395 0.557 0.378 0.027
HDL (mg/dl) 50+11 5219 51+11 53+12 0.033 0.735 0.858 0.001
LDL (mg/dl) 98+21 105+24 103+33 96+28 0.928 0.850 0.081 0.101
CRP (mg/L) 1.74+1.1 1.82+1.33 1.77+2.38  1.74+2.24 0.093 0.966 0.797 0.002
IL-1B (pg/ml) 0.52+0.02 0.50+0.02 0.53+0.04  0.53+0.02 0.101 0.012 0.150 0.070
IL-6 (pg/ml) 39.8+2.3 39.6+2.8 39.1+3.8 39.8+2.9 0.750  0.795 0.590 0.010
Nitric oxide (LM) 6.66+2.16 7.17+3.23 6.65+2.13 10.20+£3.91*t 0.002 0.030 0.045 0.141
Adiponectin (pg/ml) 13.8+5.1 12.7+4.7 12.2+5.2 11.1+4.8 0.255 0.286 0.987 0.001
MDA (pg/ml) 1.83+0.57 1.82+0.48 1.91+0.53  1.72+0.38 0.184 0.943 0.273 0.039
TNF-a (pg/ml) 84.7+11.9 86.4+13.8 84.0+13.5 80.8+6.3 0.759  0.387 0.323 0.036
BDNF (pg/ml) 241+16 216+45 225+32 249+26*t 0.028 0.023 0.002 0.284




Values are means = SD. *P<0.05 vs Pre, + P<0.05 vs Control

WBC = White blood cell, RBC = Red blood cell, HbAlc = Glycosylated hemoglobin, HOMA-IR = Homeostatic model assessment of
insulin resistance, HDL = High density lipoprotein, LDL = Low density lipoprotein, CRP = High-sensitivity C-reactive protein, IL =
Interleukin, MDA = Malondialdehyde, TNF-a = Tumor necrosis factor alpha, BDNF = Brain-derived neurotrophic factor



TABLE 6. Cognitive function before and after 12 weeks of non-exercising control and aquatic Nordic walking in elderly participants

with type 2 diabetes.

- VT g ANOVA Sttt el
Cognitive function

Pre Post Pre Post Time  Group Interaction E;fzeé:t df X P

MoCA (score) 21.5+2.2 21.242.8 22.3t1.5 25.6+1.8*t 0.001  0.001 0.001 0.458 - - -
"Visuospatial/executive (score) 4 (3-4.5) 4 (2.5-4) 35(3-4) 5(@4-5)* - 1 164 0.001
*Naming (score) 3 (3-3) 3 (3-3) 3(3-3) 3(3-3) - 1 2.0 0.163
*Attention (score) 5(4-5) 5(4-5.5) 5 (4-5) 5 (4-6) - 1 1.0 0.311
*Language (score) 2 (1-2) 1(1-2) 2 (1-2) 2 (1-2) - 1 3.2 0.075
*Abstraction (score) 1(05-1) 1(0-1) 1(1-1) 2 (1-2)t - 1 9.5 0.002
*Delayed recall (score) 2(05-3) 3(2-4) 3(2-3) 4 (3-4)t - 1 4.6 0.033
*Orientation (score) 6(5.5-6) 6 (5-6) 6(6-6) 6 (6-6)t - 1 6.7 0010

MMSE (score) 26.8+2.6 26.8+1.9 27.7+1.4 28.5+1.0t 0.279  0.023 0.212 0.050 - - -

Stroop color test (sec) 217+45  228+50 213+38 205+28 0.774 0.350 0.066 0.105 - - -

Trail making test part-B (sec) 17653  176+56 160164 145463 0.416 0.217 0.372 0.026 - - -

Values are means + SD or median (interquartile range). *P<0.05 vs Pre, t P<0.05 vs Control
MoCA = Montreal Cognitive Assessment, MMSE = Mini-Mental State Examination.

* Kruskal Wallis test was used to calculate p-values.








