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Adults with Down syndrome are an underserved population at high risk for a host of different pathologies from aging and lack of activity.

Purpose: To examine the effects of a 10-week resistance training program on measures of motor behavior, cognitive function, mood, and physical fitness.

Methods: Participants (n = 11) were men and women clinically diagnosed with Down syndrome (age: 25.8 ± 6.4 years; height: 151.5 ± 8.3 cm; weight: 67.5 ± 13.0 kg; IQ: 58.3 ± 19.7 units). After familiarization of testing procedures, subjects performed The Arizona Cognitive Test Battery for Down Syndrome, TGMD-2, lower and upper body strength assessments, and body composition via DXA testing, while parental guardians completed cognitive and mood survey assessments (Cognitive Scale for Down Syndrome, Behavioral Rating Inventory of Executive Function, NiSonger Child Behavior Rating Form, Scales of Independent Behavior-Revised, Child Eating Behavior Questionnaire, Social Communication Questionnaire, and Mood and Feelings Questionnaire) at pre and post 10 weeks of periodized resistance training.

Results: Significant (P ≤ 0.05) improvements in locomotor skills and object control skills were observed post-training. Both locomotor skills (e.g., sprint, gallop, leaping, broad jump) and object control skills (e.g., baseball catch, underhand roll, basketball dribble) were all significantly improved. Facets of cognitive performance significantly improved, specifically executive function and visuospatial working memory capacity, and frontal lobe activity. Mood disturbances significantly decrease. All aspects of physical strength and endurance were improved, i.e., leg press, bench press, sit-ups, push-ups, and chair sit-to-stand post-training. Lean tissue mass was significantly increased post-training.

Conclusion: This study dramatically demonstrates that life enhancements for individuals with Down syndrome are achievable with a properly designed resistance training program.
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INTRODUCTION

The incidence of Down syndrome is estimated to be between 1 in 1,000 to 1 in 1,100 live births worldwide. Approximately 1 out of every 700 children in the United States is born with Down syndrome (i.e., Trisomy 21), making Down syndrome the most common chromosomal disorder (1). Even so, adult individuals with Down syndrome are a dramatically underserved population at very high risk for a host of different pathologies from more rapid aging effects, cognitive deficits, and accidental injuries. Physical activity has been shown to be an important intervention for the aforementioned effects in typically developed adults without Down syndrome. Still, little research has been done to examine the impact for people with Down syndrome (2). Initial studies in resistance training for individuals with Down syndrome showed that this modality holds great promise for positive effects in both fitness and performance (2). Yet this area of research in resistance training has been highly understudied, if not abandoned, for almost 20 years or more despite the amazing potential for discoveries that could dramatically impact the quality of life for adults with Down syndrome. Thus, our research groups endeavored to bring this line of research back into the forefront of exercise science by undertaking a resistance exercise training study in young adults with Down syndrome.

Numerous studies have explored aspects of brain function and genetics with Down syndrome in relationship to Alzheimer's disease (3–5). Still, there currently is no literature examining resistance training's effects on cognitive performance specifically and very little regarding exercise in general. However, there is limited evidence in other populations of individuals with intellectual handicaps showing improvements in cognition following resistance exercise, which may promote a better anti-inflammatory balance helping to reduce amyloid plaques (6, 7). It was evident that the range of benefits of resistance training for individuals with Down syndrome has been relatively unexplored. Yet, its proven efficacy in other populations who are intellectually compromised supports the critical need for this investigation.

Feelings and mood states are also vital for a positive outlook and interactions with other people. Resistance training has been shown to create a positive outlook on exercise and decrease incidences of depression for people with Down syndrome (8). Furthermore, overall cognitive function and emotional and mental state are mediated by positive mood states after exercise in healthy adults, allowing mechanistic possibilities for this same improvement for adults with Down syndrome (6, 9). Our group's prior anecdotal experiences with family members and colleagues who have relatives with Down syndrome have supported the concept that resistance exercise is a modality that is well-received and enjoyed. Thus, it is imperative and long overdue that further scientific support is provided to make more evidence-based data for the use of the modality.

Additionally, physical activity levels in individuals with Down syndrome are lower and typically decrease over time at a greater rate than individuals without Down syndrome, leading to higher rates of metabolic disease and obesity (10). Increased exercise capacities can have immense impacts on health and work productivity. People with Down syndrome also typically have lower strength and less balance, which can cause more accidents and a decline in health overall (11). The higher prevalence of accidents and falls in individuals with Down syndrome decreases the quality of life and is problematic for parents/guardians. Resistance training has been shown to ameliorate these difficulties, showing an overall benefit in strength gains, better balance, and motor function post resistance training in the population of people with Down syndrome (2, 12–15). While the body of literature for this population is small, the benefits are very provocative and again support the need for more study of this modality as a critical intervention.

We hypothesized that resistance training would improve cognition, motor function, and mood in young adults with Down syndrome. We hypothesized that a properly designed periodized resistance training program would improve physical strength and lean body mass in young adults with Down syndrome. If resistance training can significantly improve physical strength, body composition, bone density, mood, and cognitive performance, it would be a viable intervention to help improve the health status and quality of life for people with Down syndrome.



METHODS AND MATERIALS

This study was approved by The Ohio State University's Institutional Review Board for the use of human subjects in research. After all of the risks and benefits of the study were carefully explained to the participants and their parent/guardian, written informed consent was obtained from the parent/parental guardian and assent from the participant (if applicable) using an institutionally approved informed consent document following the UC Davis' policy and procedures for assessing capacity to consent for research used in special populations (16). Each participant understood that s/he had the freedom to drop out from the study or not perform any test if s/he did not feel they wanted to participate. The participant must have been able to understand how to perform the cognitive tests that have been specifically designed for this special population.

A single group model was utilized due to the fact that matching for various aspects of the study's dependent variables (i.e., cognitive impairment/function) is not feasible. This is due to the high variability of genotype penetration to a particular phenotype variable being studied. Thus, individuals with Down syndrome can demonstrate different inherent capabilities due to this phenomenon of genotype penetration of the extra 3rd gene on the 21st chromosome to a phenotypic characteristic or function. Thus, to determine the effects of the intervention we used familiarizations and a solid baseline stability showed that all measures used in this study had ICCRs of P ≥ 0.75.


Study Participants

Participants were recruited through the Down Syndrome Association of Central Ohio. The participants (n = 11) were at least minimally active men (n = 6) and women (n = 5) and were between the ages of 18–37 years old, clinically diagnosed with Down syndrome (age 25.8 ± 6.4 years; height 151.5 ± 8.3 cm; weight 74.9 ± 23.4 kg; IQ: 58.9 ± 18.5 units). Down syndrome diagnosis and physician clearance for exercise were confirmed through the participant's primary physician. Participant characteristics at pre-testing are shown in Table 1. The research design is shown in Figure 1.


Table 1. Participants demographics at pre-testing (n = 11; n = 6 men and n = 5 women).
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FIGURE 1. Overview of the experimental design. Individual familiarization visits were performed for both the cognitive and physical batteries to minimize any learning effects. The concept of a lack of control group was addressed by having reliability from multiple baseline visits and due to the fact that matching for IQ and functionality is not a valid design and is rarely employed with this population.




Familiarization Visits

The familiarization period ensured that the participants could perform each test with full comfortability. Each participant completed two familiarization visits. The first familiarization visit (FAM 1) was to familiarize the participant with the full cognitive battery via Arizona Cognitive Test Battery for Down Syndrome (ACTB-DS), along with addressing IQ via the Kaufman Brief Intelligence Test – 2nd edition (KBITT-2). The second familiarization visit (FAM 2) involved the practice of flexibility (sit-and-reach test), physical strength (bench press and leg press 6-RM testing, 30-s push-ups, 30-s sit-ups, chair sit-to-stand), and motor function testing (TGMD-2) (18).



Baseline Visits

Participants completed a total of 3 baseline visits (1, 2a, and 2b). Baseline visit 1 was approximately 1 week after FAM 1. Baseline 1 and 2a (2 weeks apart) were identical visits that consisted of cognitive battery assessments, mood questionnaires, and parental questionnaires. Baseline visit 2b consisted of physical measures (i.e., height/weight, DXA scan, sit-and-reach flexibility test, physical strength tests, and motor tests).



Resistance Training Intervention

Working with this population of individuals does have its context for instruction and performance as the cognitive understanding of health performance benefits and other aspects we take for granted in the typical fitness populations are not present. Thus, it is vital to have a fun experience and individualized understanding of teaching exercise movements and promoting resistance training related to their enjoyment. Rewards are critical to the effectiveness of programming and individual relationships with each participant and their parents/guardians in this process. The resistance training program was also implemented with an intrinsic reward system shown to be necessary to motivate individuals to do their best, as this has typically been an effective teaching approach to task orient individuals with Down syndrome. Participants chose what music they wanted to listen to throughout the exercise session. They also received two movie tickets when they completed half of the resistance training visits and another two movie tickets when they fully completed the study.

A 10-week resistance training (RT) exercise protocol (24 supervised sessions) was implemented after the initial 2-week introductory phase (2 familiarization and 3 baseline sessions). The 10-week resistance training protocol consisted of light Repetition Maximum (RM) (12–15 RM), moderate (8–10 RM), and heavy (4–6 RM) for three sets. The introductory phase consisted of 12–15 RM at light and 8-10 RM at a moderate weight. Set number progressed from 1–3 sets by the end of the 2-week introductory phase. Teaching and demonstrating exercises took much attention and greater care using manual cuing and movement tracking as teaching exercises to many with Down syndrome is different due to mental imagery differences in motor translation from showing exercise movement to having the participant produce the movement. Participant toleration for workouts was noted during each session. Heavy sets were worked into the exercise programming after the initial 2-week period based on exercise tolerance. Changes in exercise volume depended on the individual's capabilities and assessments by the certified (CSCS) research team trainer. The resistance training exercises progressed after warm-ups from large to smaller muscle groups (e.g., leg press, bench press, leg curl, shoulder press, bicep curls, and variations to make it enjoyable each day). Exercises were performed with machines, free weights, resistance bands, and body weight alone to meet the individual loading needs in the different exercises (2). Although individualized on motor skill level and strength, all participants exercised the same groups of muscles for each of their training visits.

Participants were given longer rest periods between each set than the average adult and appropriate hydration breaks due to metabolic issues with individuals with Down syndrome and to reduce any symptoms of metabolic stress and common problems with thermoregulation and sweat gland dysfunction (19). Each resistance exercise training visit was between 45 and 60 min in duration. Heart rate monitors were worn during the exercise session and into recovery to determine stress levels, help the trainer maintain safety, and monitor exercise intensity (heart rate per session - mean ± SD; 104.0 ± 8.0 bpm; [Polar Heart Rate Monitor Kempele, Finland]). This average heart rate range would qualify individuals with Down syndrome to be in a moderate heart rate zone due to poorer functioning cardiovascular system (20).



Post-resistance Training Intervention Test Visits

Participants completed 2 post resistance training intervention test visits 4–7 days after resistance training intervention (post-testing 1a and 1b). Post-testing visit 1a (cognitive/mood) was identical to the baseline visits 1 and 2a. Post-testing visit 1b (physical/motor) was identical to baseline 2b.



Diet, Nutrition, and Exercise

With the aid of their parental/guardian/carer, participants recorded both drinks and food consumed 2 days prior to baseline visit 1a. To reduce external confounding factors, the participant replicated that diet 2 days prior to the second baseline visits (2a and 2b) and the post resistance exercise training test visits (1a and 1b). Additionally, participants were asked to maintain their regular diet and physical activity routine throughout the resistance training intervention, except for the individual resistance training sessions for the study.



Motor Function Testing

The TGMD-2 was used to assess gross motor functioning, which assesses locomotor and object control motor skills such as a short sprint, gallop, shuffle, stationary basketball dribble, catch a baseball, etc. (18). Each task was individually explained and shown to the participant before s/he attempted, giving guidance cues as necessary.



Cognitive Battery

Participants performed the validated computer-based battery, Arizona Cognitive Test Battery for Down syndrome (21). This testing battery consisted of several domains of CANTAB computerized testing, tracks assessment, and index finger tapping. The subjects were familiarized with this cognitive battery during familiarization visit 1 (visit 1). The battery shows sensitivity to within-sample differences and has specific correlates with brain function, along with being applicable to a wide range of severity of Down syndrome. Again as noted previously, Baseline testing showed stability with high test retest reliability of all measures analyzed for inclusion in this investigation.



Survey Questionnaires

The same parental guardian participated in the questionnaires for all three cognitive testing visits assessing their child's perception of their child's intellectual ability during the previous 2 weeks (i.e., baseline 1a, 2a, and post-testing 1a). The cognitive-based questionnaires were the Cognitive Scale for Down Syndrome and the modified Behavioral Rating Inventory of Executive Function – Preschool Version questionnaire; both used to assess several domains of cognitive function (22). Additionally, the carer/parental guardian of the participant filled out a questionnaire relating to the recent mood status of the participant (Mood and Feelings Questionnaire: Long Version) to assess the variations of the mood of the participant.

The NiSonger Child Behavior Rating Form and the Scales of Independent Behavior-Revised (SIBR) Questionnaire were used to assess positive and negative behavior patterns subjectively. The Child Eating Behavior Questionnaire (CEBQ) (modified) was used to subjectively assess the participant's eating habits by assessing types of food/drink typically eaten, speed of eating, habits once full, etc. (23). The Social Communication Questionnaire (SCQ) assessed social awareness, language expression, interpretation of body language, etc. (24). Lastly, participants and parents/guardians answered an open-ended questionnaire assessing different areas and opinions related to resistance training at the full completion of the study (post-testing 1b).



Flexibility, Physical Strength, DXA Scan

Participants completed a comprehensive physical fitness assessment, including muscular strength, muscular endurance, flexibility, and body composition. Following a brisk 5-min warm-up walk, flexibility was assessed via the sit-and-reach test (Pro Healthcare Products Park City, UT, USA). Muscular strength was assessed using 6-repetition maximum testing for the leg press (Plyo Press; Athletic Republic, Park City, UT) and bench press (Elite FTS, London, OH), as well as the 30-s chair sit-to-stand test (25). Muscular endurance was assessed using 30-s of push-ups (i.e., men full regulation toe push-ups; women modified) and 30-s of sit-ups (13). A dual-energy x-ray absorptiometry (DXA) whole-body scan was used to assess the body composition of each participant (GE Lunar IDxa; Encore Software). A pregnancy test was done via urine analysis before the DXA scans only for females to confirm that the woman was not pregnant. This scan was performed at baseline 2b and post-testing visit 1b.



Statistical Analyses

Means and standard error of the means were calculated for each variable, and differences were assessed with parametric statistics. Data were analyzed using SPSS version 25 (IBM, Armonk, NY). Paired samples t-tests were used to assess differences between pre-to post-training intervention with Bonferroni corrections for alpha inflation. Baseline stability showed that all measures used in this study had ICCRs of P ≥ 0.75. Using the nQuery Advisor software (Statistical Solutions, Saugus, MA), it was determined that statistical power to defend the 0.05 alpha level of significance with a Cohen probability level of at least 0.75 was observed for each dependent variable. The significance in this study was set at p ≤ 0.05. All statistical assumptions for the statistical techniques were met. Additionally, effect sizes (ES) were calculated to assess the magnitude of change (Cohen's d = [M1–M2] / SD pooled), with values of 0.2, 0.5, and 0.8 considered small, medium, and large, respectively (26).




RESULTS

The primary findings of this study showed that a 10-week progressive resistance training program for adults with Down syndrome resulted in improvements in motor skill, cognitive performance, flexibility, physical strength, lean mass, and mood.


Cognitive Baseline Testing

Due to the large variability of genotype penetration to a particular phenotype, a double baseline testing scheme was utilized to ensure consistency of the cognitive measures. As noted before all variables showed solid ICCRs and baseline stability as needed for such cognitive measures analyzed in this study (21). Additionally, no significant differences between BL1a and BL2a for our cognitive variables were observed.



Pre/Post Resistance Training Intervention

Locomotor skill and object control skill are subsets of total gross motor skill (18). Total motor skill and subset metrics are shown in Figure 2. Participants significantly improved both locomotor skill (ES = 1.165, p = 0.001), object control skill (ES = 0.779, p = 0.008), and total gross motor function (ES = 1.019, p = 0.000) (Figure 2).


[image: Figure 2]
FIGURE 2. Change in the gross motor skill scores from the Total Gross Motor Development-version 2 (TGMD-2). Data are presented as means ± SEM. The figure inset shows the individual participant's mean scores for both locomotor skill and object control skill (n = 11). Every participant improved in all facets of motor skill (i.e., total, locomotor, object control) (n = 11). These data showed a 21.7% increase in overall motor skill (i.e., 29.3% increase in locomotor and 14.9% increase in object control). Individual data shown on the upper right inset panels. The “*” indicates a significant difference from pre-testing corresponding value.


Cognitive performance metrics are presented in Table 2. The 10-week resistance training program significantly improved dominant hand 5 finger-tapping, forward total errors (i.e., examining visuospatial working memory), and shift behavior.


Table 2. Cognitive performance metrics (mean ± SD, t-test, p-value, and effect size).

[image: Table 2]

Physical fitness metrics are presented in Figure 3. This intervention significantly improved sit-and-reach flexibility, 6 RM barbell bench press, 6 RM supine leg press, 30-s push-ups, 30-s sit-ups, and 30-s chair sit-to-stand metrics.


[image: Figure 3]
FIGURE 3. Data are presented as means ± SEM. The “*” indicates a significant difference from pre-intervention (n = 11). (A) Change in the flexibility score from the sit-and-reach flexibility test. (B) Change in the bench press 6 RM test. (C) Change in the lying leg press 6 RM test. (D) Change in the modified 30-s push-up test. (E) Change in the lying 30-s full sit-up test. (F) Change in the 30-s chair sit-to-stand test.


With the 10 wks of resistance training there were no significant changes in overall body mass (ES = 0.057, p > 0.05), body fat percentage (ES = 0.035, p > 0.05), fat mass (ES = 0.007, p > 0.05), visceral fat mass (ES = 0.001, p > 0.05), or bone density (ES = 0.225, p > 0.05). However, there was a significant increase in lean body mass post-resistance training intervention (ES = 0.122, p < 0.05).

There was also a significant overall decrease in mood disturbances/unhappiness post-resistance training intervention (ES = 1.229, p < 0.05). Trait mood was improved largely after this program, showing decreased mood disturbances by 48.8% (Figure 4).


[image: Figure 4]
FIGURE 4. Change in the mood disturbance score from the Mood and Feelings Questionnaire parental survey (n = 11). Data are presented as means ± SEM. Individual data on upper right panel inset. The “*” indicates a significant difference from pre-intervention.


Parental questionnaire metrics regarding behavior, diet and social variables are shown in Table 3.


Table 3. Parental questionnaires metrics (mean ± SD, t-test, p-value, and effect size).

[image: Table 3]

Lastly, when the participants and parents were asked about the overall resistance training program, overarching themes were commonly used throughout the questionnaire. The main themes include increased self-confidence, increased ability to complete activities of daily living, and increased interest in exercise, physical activity, nutrition, and overall health.




DISCUSSION

The primary findings of this 10-week resistance training program for young adults with Down syndrome were positive effects observed on motor performance, cognitive function, physical performance, and structural changes in the body (i.e., lower body flexibility, physical strength, physical endurance, lean body mass). The most compelling findings were improvements in motor proficiency and aspects of cognitive function. These results indicate a positive impact of individualized progressive heavy resistance training for young adults with Down syndrome.

This resistance training program significantly improved overall gross motor skills, which consists of specific locomotor (i.e., actions propelling an individual from one place to another) and object control motor skills (i.e., abilities to move objects in an accurate and controlled way) subsets (18). Secondly, there was an increase in dominant hand sensorimotor skills. General resistance training involves many gross motor skill learning elements such as balance, coordination, and power. Initial strength gains following initiation of a resistance training program are commonly attributed to neural adaptations, which may be responsible for the improvements seen in motor proficiency. Improvements in motor function would significantly impact an individual's quality of life. Structural differences (i.e., short neck, small hands and feet, shortened height) for individuals with Down syndrome often leads to impaired motor learning at a young age that negatively impact motor functioning and lead to decreased independence into adulthood (11, 27, 28). Motor skill and coordination are critical factors for activities of daily living (i.e., making dinner, walking up and down steps, folding laundry, showering, using the restroom, etc.), confirming the significance of such improvements found with resistance training in this study.

This study's resistance training intervention significantly improved motor skills which implies favorable cognitive change due to the strong, established link between cognitive function and motor proficiency (27, 28). The frontal lobe of the brain of individuals with Down syndrome tends to have the longest development period, which typically increases the magnitude for change (29), potentially causing a more significant positive impact through exercise (i.e., prefrontal cortex M1 region of the frontal lobe area of the brain). Although there is little literature looking specifically into adults with Down syndrome and specific improvements in motor skill, the literature has already shown the well-established role of the frontal lobe primary motor cortex (M1) within motor skill adaptations. This has been shown to explicitly play a critical role in the retention of motor learning which is typically a consequence of repetitive performance of the same movement pattern relying on synaptic efficacy, potentially resulting in a change in corticospinal and dendritic spinal excitability in the typically developed population (30–32).

The initial motor skill improvements demonstrated in this study could potentially be mediated by the M1 frontal lobe region of the brain has made adjustments based on errors made throughout the motor learning process within the repetitive task stimulus. This indicates that in individuals with Down syndrome, a long-term potentiation-like process in the M1 mediates the initial learning of simple motor skills (28, 30). This confirms the critical role that the M1 region of the brain has in forming the initial model for motor skills, more importantly, that the M1 region solidifies the maintenance of that learned skill and stores the sequencing of the simple motor learning tasks to contribute highly to motor sequence learning, for complex motor tasks (28, 30), especially as observed within our study population. During this intervention, repeated strength training movements, from simple movements requiring neuromuscular activation to complex movements requiring integrated task-specific timing and coordination, the exercise program potentially increased synaptic efficacy to increase motor retention, improving overall motor skill functions over time. The early motor skill adaptations could also be due to plastic changes and cerebellar excitability throughout the cerebellum (17, 30, 33, 34). An internal sensorimotor map for each skill is developed when motor learning that has been developed is engaged. However, the error-based mechanisms, shown through dynamic plastic changes in the cerebellum, appear to have less of a role later as a task training progresses both behaviorally and physiologically (17, 30, 35). This pathway between the cerebellum and M1 is critical for motor learning during movement preparation and movement to form the motor skills (17). With our resistance training program these neural connections between the cerebellum and M1 area of the brain appear to have been strengthened in order to allow for learning of various new exercise movements. Thus for our adults with Down syndrome, more complex motor skills were be learned over time through enhanced M1 neural interconnections.

Our results showed an improvement in areas of executive functioning, i.e., visuospatial working memory, such that subjects had a decrease in total forward errors assessed using the Spatial Span (SSP) test. The frontal lobe (i.e., location of M1) and visuospatial memory also have a strong connection to each other in their function and role in the body (36) and tend to be developed later and operate at a lower level for adults with Down syndrome than observed in the general adult population (7, 29). This study population lies in the mild to moderate intellectual level in individuals with Down syndrome (37). The improvements observed from this test indicate resistance training may positively impact cognitive performance within the mild to moderate severity of Down syndrome.

The significant improvements in visuospatial working memory found in this study align with current literature assessing resistance training interventions in typically cognitively developed adults (38, 39) and individuals who are intellectually handicapped (6, 39). Additionally, the decrease in time for the dominant hand 5 finger-tapping shows potential in the role of resistance exercise on the dominant side neurological function. Although these are different subsets of the population, many of the same mechanisms can apply to individuals with Down syndrome, specifically that resistance training positively impacts the frontal region of the brain, as supported by the favorable improvement on both motor skill and working memory; both primarily housed in the frontal lobe of the brain (40). Individuals with Down syndrome may not be functioning optimally with functional connectivity regarding communication between several brain regions (29, 36), which supports the importance of the two most likely explanations being long-range connectivity and top-down signaling functionalities. There is strong functional connectivity between the fusiform face area and the prefrontal cortex, which supports higher-order functioning and maintenance of sensory perception (36), along with evidence implying that top-down signaling through synaptic aftereffects in recurrent circuits/synchronous oscillations between neuronal cells can bias the likelihood of relevant task-relevant information in a competitive system (36). As mentioned above, the long-range connectivity between the cerebellum, located just near the fusiform face area, and M1 is critical with motor skill processing and retention (17) within the Down syndrome population. As seen in this study, if resistance training impacts both of these brain regions, improvements in working memory may become more operational.

We found significant improvement in shift behavior after the intervention. Previously, literature has shown that resistance and aerobic exercise improve shift behavior chronically, as measured in generally healthy individuals (41). The positive change in shift/problem-solving behavior could be due to increased attentional allocation, associating this change in attention to later stages of mental processing (41), specifically storing and retrieving processing. This intervention may have aided everyday life changes and problems solving that arise from this favorable shift behavior change, positively impacting daily life.

The drastic significant changes in gross and fine motor skills and change in shift behavior imply some initial changes in cognitive performance resulting from resistance training. There are well-established lines of connection between motor skill, cognition, and brain development through prior research studies (17, 30–35). Due to the extreme change in gross motor skill, adaptive neural tissue and interneuron connections appear plausible, showing the positive impact of resistance training in our study population.

Adults with Down syndrome have above healthy average values of flexibility than a generally healthy adult due to differences in connective tissue, creating greater hypermobile joints (42). Therefore, small increases in flexibility for this population of adults, as shown in this study, was an impressive finding. This increase in flexibility is still beneficial. It can help alleviate and/or avoid lower back pain that can come with a lack of flexibility in these areas throughout aging, without any additional injury risk (43).

We anticipated that with periodized progressive heavy resistance training, there would be significant increases in full-body strength (i.e., upper body, lower body) and local muscular endurance (i.e., abdominal and push-ups). The strength improvements in the upper and lower body observed from this resistance training program are likely both neural (i.e., intramuscular and intermuscular coordination) and muscular (i.e., hypertrophy due to significant increases in lean body mass) adaptive components. Neural factors tend to contribute most to muscular adaptations in the beginning stages of a strength training program due to an increase in motor unit firing rate and/or change in the pattern of motor unit activation (44), with gradual increases in the hypertrophic factors as the training continues (45). This causes a more efficient motor unit activation, leading to increased strength early on, as witnessed in this study. Individuals with Down syndrome have a high prevalence of hypotonia (i.e., a global descriptive qualitative view of muscles laxity and movement) and variations in connective tissue that lead to issues with muscle weakness, joint instability (46), and increased risk of injury (47). This population is also at a higher risk for muscle weakness in general (10, 46), along with most job prospects being labor-intensive (48). Increasing muscular strength, thereby increasing the strength around joints, creates better joint stability, helps one perform more labor-intensive jobs, and minimizes the risk of injury.

The significant increase in lean body mass was likely caused by the muscle contractile units and process of protein synthesis, i.e., likely hypertrophy, especially with the inclusion of heavier loading periodized into the training program. Evidence shows the benefits of resistance training in the general adult population (i.e., increased muscular strength, hypertrophy, and lean muscle mass) (46). Based on our findings, many of those same benefits are translatable to adults with Down syndrome. We postulate that the larger lean tissue mass increase for some participants than others was likely due to differences in muscles' use during everyday activities. Heavier loading also allows hypertrophic factors to play a larger role in strength improvements, increasing cross-sectional muscle fiber sizes. Although still within a healthy limit, adults with Down syndrome tend to have higher creatine values than a typically developed individual (49), potentially increasing the magnitude of change for lean body mass by tolerating higher volumes and loads.

An important and often forgotten element in many studies is the intervention's impact on the parents/guardians. This group reported fewer mood disturbances following this resistance training program, reflecting an overall improvement in trait mood. Mikkelsen et al. (50) found overall general mental health benefits due to exercise for generally healthy adults, i.e., resistance training, which translates to adults with Down syndrome based on our current findings. Prior research has implicated possible mechanisms for these changes as resistance training increases circulating plasma endorphin and hormone values (50), increases thermogenic state (i.e., brain regions) to induce relaxation and decrease anxiety (50), increases mitochondrial function, directly impacting neurogenesis and neuroplasticity (50), and attenuates the hypothalamic-pituitary-adrenal axis such to counteract the high values of cortisol and corticotrophin-releasing hormone and compromised function of glucocorticoids (50). These physiological mechanisms then may mediate the decrease in overall mood disturbances, improving overall mood.

Additionally, there was a decrease in negative food responsiveness, meaning participants tended to have a healthier relationship with food post-resistance training program while being more intentional with the quantity and quality of food eaten. Social support is a significant indicator of positive health behavior outcomes, especially with individuals with Down syndrome (51). Participants were in an encouraging environment, essentially providing social support throughout the study and becoming aware of the quality and quantity of food they were ingesting.

A hundred percent of subjects mentioned increased self-confidence after the intervention was completed, along with a peaked interest in overall health (i.e., exercise and diet) during the post-intervention open-ended survey. The consistent increase in self-confidence is consistent with one of Bandura's Social-Cognitive Theory (SCT) constructs that rely heavily on self-efficacy and outcome expectations (52). It is highly possible that participants in this study felt more aware of their choices and their ability to control their health and recognize the consequences of their choices, which aligns with the SCT (52) for individuals with Down syndrome. Participants in this resistance training intervention were able to develop a strong social connection with the personal trainers while developing a positive relationship with resistance training due to the individualization of the program. This social connection between the trainer(s) and participant likely spurred the encouragement needed to be more aware of healthy choices and enjoy the exercise program. This social aspect also helped alleviate common barriers for this population.

In summary, the findings of this investigation reveal the positive benefits of resistance training for adults with Down syndrome. The salient results from this study were that beyond the expected gains in strength and endurance with resistance training were the improvements in gross motor skill functioning and mood improvements. The cognitive performance also showed beneficial change, specifically regarding executive function and frontal lobe activity. This is the first study to examine and show positive cognitive and overall motor skill performance changes in response to a periodized progressive heavy resistance training program in young adults with Down syndrome. This connection should be further investigated since motor skill functioning has a cognitive component. These novel findings also suggest future research to examine further the relationship between executive function/frontal lobe activity and resistance training and how this may impact mood and everyday quality of life. Secondly, this study confirmed the strength and lean body mass benefits of resistance training for young adults with Down syndrome. This study is one of the first of its kind and contributes important new findings to the current literature base and brings to the forefront in exercise science the importance of such research to be funded and published to support evidence-based data for the use of this modality. Thus, we recommend that adults with Down syndrome consistently participate in resistance training programs. We realize our limitations but hope this study stimulates future studies that have large n sizes, age groups and separate experimental groups of men and women. Additionally longer resistance training programs also need to be studied as to the improvements observed in the current investigation to determine various timelines of change for individual participants.
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