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Abstract 

Previous work has shown that 5 minutes of inspiratory muscle strength training (IMST), 5 

days/week increases respiratory muscle strength after 6 weeks. Respiratory muscle strength has 

been shown to correlate with handgrip strength, which has been found to be at least a moderate 

indicator of overall strength, or functional capacity. Here, we explore the effects of IMST on 

functional capacity via the assessment of handgrip strength in recreationally active men and 

women. Seven (5 male and 2 female) subjects undertook a 6-week intervention comprising 30 

inspiratory efforts against a resistance each day, 5 days/week. Pre- and post-training measures 

included maximal inspiratory pressure (PImax, mmHg), maximal handgrip force (Newtons; N), 

respiratory endurance (sec) and handgrip endurance (sec). Male and female subjects showed 

increases in respiratory muscle strength (P < 0.001) and respiratory endurance (P = 0.01) at 

Week 6 compared to Week 1. Consistent with previously published literature, we saw no change 

in maximal handgrip strength (P = 0.29) post IMST. However, contrary to expectation, we noted 

declines in handgrip endurance at Week 6 vs. Week 1 in the majority (5/7) of subjects. On the 

basis of these outcomes in a small cohort of healthy young adults, we conclude that 6 weeks 

IMST confers significant benefits for respiratory strength and endurance but does not impact 

functional capacity as measured by handgrip function. The declines in grip endurance noted post 

IMST are attributed to within subject (i.e., pre vs. post) differences in execution of the grip 

endurance task. Measures that conserve subjects’ elbow, wrist and hand position across test-

retest endurance trials and the incorporation of additional surface EMG recording locations may 

help to reduce such variability in subsequent studies. 

 

  



Introduction 

Handgrip strength testing (maximal and endurance) is a simple, inexpensive and easily 

reproducible method for assessing overall grip strength, and in clinical settings has been used as 

a predictor of future outcomes including mortality, disability and complications in older adults.2 

Historically, overall body strength, often referred to as overall functional capacity or strength8, 

has been assessed using static or dynamic assessment protocols. Whereas dynamic protocols 

assess functional capacity in the context of isotonic contractions, static protocols are more 

commonly used to evaluate handgrip strength and endurance3 and comprise sustained (isometric) 

submaximal contractions expressed as a percentage (%) of the individual’s maximal voluntary 

contraction (MVC), a measure of maximal force. For example, in the context of a static grip task, 

subjects may be asked to maintain a static grip that is 30% MVC.13 

 Handgrip strength has been found to be at least a moderate indicator of overall strength in 

younger individuals.7, 27 However, among older individuals, results are mixed with some studies 

reporting a moderate-to-high correlation between grip strength and overall functional capacity, 

and others reporting low-to-moderate correlations between the two. These findings highlight a 

need for additional research to determine the link between handgrip strength and overall 

functional strength in older adults performing physically demanding tasks.9  

 Interestingly, handgrip strength has been shown to correlate with respiratory muscle 

strength.10 For example, it has been reported that inspiratory loading significantly increases 

adductor pollicis (AP) contraction force (i.e., after a 10-min period of inspiratory resistive loaded  

breathing, the recruitment of low-frequency units in the AP muscle significantly increased) 

compared to muscle contractions performed during non-loaded breathing.4 Similarly, inspiratory 

muscle strength training (IMST), a form of resistance exercise for the respiratory system that 



increases respiratory strength in healthy young and older adults5, 12, 14, is associated with 

increased limb muscle strength.6  Additional research suggests that a weaker handgrip strength 

may parallel pulmonary function impairment in older adults.11 These data highlight a directional 

relationship between respiratory muscle function and handgrip strength and endurance. 

 In this study, we assessed the potential for 6 weeks inspiratory muscle strength training to 

improve respiratory endurance and in turn, functional capacity. Using surface electromyography 

(sEMG), we recorded muscle activities of the extensor digitorum superficialis (EDS) and flexor 

carpi radialis (FCR),15, 16 in the context of a dynamic handgrip task (%MVC). EMG activities 

were assessed before and after a respiratory endurance protocol at two time points -- before and 

after 6 weeks of IMST. Using this framework, we tested the hypotheses that in healthy young 

adults, 5 minutes of IMST (5 days/week) for 6 weeks increases: a) total grip strength (N) and b) 

grip endurance (sec). 

 

Methods 

 

Subjects 

Seven healthy young adults (5 men and 2 women) were recruited from The University of 

Arizona to participate in this study. The experimental protocol was approved by The University 

of Arizona Human Subjects Protection Program (#1503762316) and adhered to the standards set 

by the Declaration of Helsinki. Prior to the initiation of the study, all participants gave their 

written informed consent. 

 

Study Design 

Subjects initially participated in a familiarization session to become comfortable with the 

procedures and instrumentation, and to determine their eligibility. Procedures included 



spirometry (FEV1, FVC, peak expiratory flow, peak inspiratory flow) and measures of resting 

blood pressure. Subjects who completed screening and were eligible for inclusion then returned 

to the laboratory and underwent the following procedures: 1) a 2-hour pre-training assessment; 

2) 5 minutes of IMST, 5 days a week for 6 weeks, and 3) a 2-hour post-training assessment. As 

caffeine may affect the performance of strength training, participants were asked to abstain from 

caffeine and alcohol for 12 hours and to remain well hydrated. They were also asked to abstain 

from eating 4 hours prior to pre/post assessments. Female participants were asked to report their 

menstrual cycle day to determine follicular or luteal phases. 

 

Experimental Set-Up 

Spirometry. WinspiroPRO software was used to assess respiratory function. Forced expiratory 

volume (FEV1), forced vital capacity (FVC), forced inspiratory volume (FIV), forced inspiratory 

vital capacity (FIVC), peak expiratory capacity and peak inspiratory flow were obtained for each 

subject. Only subjects with FEV1/FVC ≥ 80% of predicted values based on sex, age and height 

were included in this study. 

 

Cardiovascular Measures. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) 

were measured with a sphygmomanometer and stethoscope at the brachial artery. Measurements 

were collected at the same time on the same day each week during the 6-week training period, 

and during pre- and post-training assessments. Subjects sat quietly for 5 min before 

measurements were collected. Six measurements were taken on alternating arms, and the average 

was defined as the individual’s SBP and DBP. A finger cuff pressure transducer (ccNexfin) was 

used to record changes in SBP.  

 



Respiratory Endurance. Subjects were instructed to place their mouth on a two-way non-

rebreathing valve fitted with flow limitation end cap on the inhalation port and an attached 

mouthpiece (Hans Rudolph). Participants remained seated in an upright position. Subjects 

initially were required to perform three maximal inspiratory breaths with a 30 s rest period in-

between trials. The highest inspiratory pressure recorded was used as their maximum and to 

calculate their target pressure (65% PImax). After target pressure was obtained, subjects began the 

fatigue task. Subjects were instructed to breath on the valve at their target pressure and at a 

specified rate (subject’s rest breathing frequency) and duty cycle (0.7) for as long as possible or 

until fatigue. Respiratory endurance was measured as time (sec) until fatigue. Upon completion 

of fatigue task, subjects were instructed to rest for 5 min with their eyes open and the lights on.  

 

Grip Endurance. Additionally, subjects were asked to perform a submaximal grip task before 

and after the respiratory endurance protocol for purposes of evaluating static endurance handgrip 

strength. For this experimental element, participants sat upright with their feet supported, with 

their dominant arm positioned on the chair’s armrest as follows: elbow flexed at 90, forearm in 

neutral position, and wrist extended at 0. In this configuration, subjects were required to sustain 

a grip contraction at their target force (Newtons) using a hand dynamometer (ADInstruments, 

CO) for as long as possible or until fatigue. Grip endurance was measured as time (sec) until 

fatigue. Throughout the task, both grip force (N) and electromyographic (EMG) activities of two 

muscles: extensor digitorum superficialis (EDS) and flexor carpi radialis (FCR) were recorded 

using bipolar surface electrodes. Grounding was achieved via a strap placed around the wrist of 

the dominant arm.  

To determine each subject’s target grip force (set at 35% of MVC), subjects first were 

guided in performance of maximal isometric contractions (each lasting ~5 s) on the 



dynamometer. Each maximum grip was interleaved with ~30 s-1-min rest period.1 The highest 

force recorded during the three trials was used as the maximal voluntary contraction (MVC) in 

the calculation of the individual’s target grip force. Once the target force was identified, 

participants were instructed to maintain that force for as long as possible, and to rate their 

perception of effort every ~20 s throughout the grip task using the Borg RPE scale. The trial was 

terminated when the participant could no longer maintain the target grip force and released the 

dynamometer, or when the force generated fell below the target value for more than 5 s.1   

 

6-Week IMST Intervention: In the 6-week period between pre- and post-assessments, subjects 

completed supervised in-laboratory IMST training 5 days/week. At the end of each training 

week, subjects performed three maximal inspirations against a constant resistance. The average 

of these three breaths was considered the individual’s maximal inspiratory pressure (PImax) and 

determined the subsequent week’s training pressure. Daily training consisted of 30 breaths at 

75% PImax. Measures of blood pressure also were obtained at the end of each training week. 

 

Statistical Analysis: A correlation matrix between grip strength, respiratory strength and 

respiratory endurance at post-assessment was generated using the Excel correlation function to 

test relationships between grip strength, respiratory strength and respiratory endurance. The 

impact of IMST on grip strength, grip endurance, respiratory strength and respiratory endurance 

was analyzed using the Excel t-test function. Between-group differences in respiratory and 

handgrip measurements were assessed via paired two-sample t-tests with two-tailed alpha set at 

0.05.  

 

 



Results 

Participant Characteristics 

Anthropomorphic data for our seven participants are presented in Table 1. Subjects were 

nonsmokers, without history of hypertension, respiratory, cardiovascular or neuromuscular 

disease, and with a forced expiratory volume to forced vital capacity ratio ≥ 80%. All reported 

exercising on a regular basis (3-5 times/week for ~60 minutes) and reported maintaining the 

same activity levels throughout the study. All subjects completed the intervention and thus, the 

retention rate for this study was 100% (i.e., 7 of 7 subjects). 

 

Respiratory Muscle Strength and Endurance 

 As shown in Table 2, following 6 weeks of IMST, all participants had made steady 

gains in their inspiratory muscle strength reflected in an average (± SD) increase in maximal 

inspiratory pressure (PImax) of ~33 mmHg (i.e., increasing from -82.47 ± 25.8 to -115.89 ± 23.4 

mmHg). This represents a ~41% improvement in PImax attained by study close. Respiratory 

endurance (RE) also improved with time to fatigue increasing by an average of ~332.4 sec (i.e., 

increasing from 356.13 to 688.52 sec) over the 6 weeks. Both the increase in PImax (mmHg) and 

respiratory endurance (sec) attained statistical significance (PImax: t= -6.02, df= 6 P < 0.001), and 

(RE: t= -3.63, df= 6, P= 0.01). Thus, both PImax (mmHg) and respiratory endurance were 

significantly greater at Week 6 compared to Week 1. 

 

Grip Strength and Endurance 

Target grip forces for pre- and post-assessments were set to 35% MVC and established 

based on an assessment of maximum grip force at study intake. Average (± SD) maximum grip 

strength (N) was slightly greater at Week 6 (380.77 ± 96.5 N) compared to Week 1 (367.69 ± 



102.8 N) (Table 3), however, the improvement was not significant (t= -1.17, df= 6, P = 0.29). 

Results for measures of grip endurance (sec) were mixed. As expected, at intake (Week 1), 

average grip endurance (secs) was longer before the respiratory endurance trial than after (P= 

0.01) (Figure 1). However, contrary to expectation, the difference persisted at Week 6 (P= 0.03) 

(Figure 2) although the magnitude of the difference had declined.  

Comparisons of average grip endurance (secs) before the respiratory endurance trial at 

Week 1 vs. Week 6 also yielded a significant difference, however, the duration for grip 

endurance was greater before than after 6 weeks of IMST for both men and women (P= 0.02) 

(Figure 3). That is, with IMST, 7/7 individuals exhibited declines in grip endurance. This also 

was the case for average grip endurance (secs) measured after the respiratory endurance trial. 

Thus, grip endurance measured after the respiratory endurance trial at Week 1 and Week 6 was 

longer before than after 6 weeks IMST (Figure 4). However, in this case the difference did not 

attain statistical significance (P= 0.46). An examination of individual results revealed a bimodal 

outcome, with 4/7 participants exhibiting improved grip endurance post IMST and 3/7 

participants exhibiting declines post IMST.  

 

Correlations 

No correlations were found between grip strength, respiratory strength and respiratory 

endurance. Neither were any significant correlations found between: respiratory strength and grip 

strength (r= 0.49); grip strength and respiratory endurance (r= 0.27); or respiratory endurance 

and respiratory strength (r= 0.39). There were evident improvements in respiratory strength and 

endurance. In addition, we observed a negative effect of inspiratory muscle strength training on 

handgrip function. 

 



Cardiovascular Variables 

Pre- and post-assessment measures of systolic (SBP) and diastolic blood pressure (DBP) 

are shown in Table 3. As shown, slight but non-significant (SBP P= 0.31; DBP P= 0.08) declines 

were noted in SBP (115.51 ± 6.3 to 113.43 ± 10.2 mmHg) and DBP (72.96 ± 4.5 to 69.28 ± 6.6 

mmHg) between Week 1 and Week 6.  

 

Discussion 

Previously published literature has documented respiratory-related strength training 

improvements in handgrip strength and endurance.4, 17 In healthy individuals, resistive loaded 

breathing for a single, 10-minute training period significantly increased adductor pollicis (AP) 

muscle contractions through enhanced recruitment of low-frequency motor units compared to 

non-loaded breathing.4 In addition, inspiratory loading for a single, 5-minute period has been 

found to increase time to fatigue during handgrip exercise in healthy adults.30 In older adults with 

treated isolated systolic hypertension, slow loaded breathing training for 8 weeks increased arm 

exercise endurance.20 Additionally, inspiratory muscle training has been shown to improve 

forearm muscle oxygenation23, and thus improve muscle performance.  

The effects of inspiratory muscle strength training on upper limb function, however, are 

not fully understood. Some studies show inspiratory muscle training (IMT)-related 

improvements in handgrip strength, but other studies show no effect. 12 weeks of IMT has been 

shown to have no effect on handgrip strength28, however, results from this study must be 

cautiously interpreted because it was a case study of one individual with sickle cell anemia who 

was overweight and an ex-smoker. Interestingly, respiratory muscle fatigue has been shown to 

contribute to declines in limb muscle function.29  



The effects of resistive loaded breathing on respiratory muscle strength in healthy adults 

is well documented. Inspiratory muscle strength training improves respiratory muscle strength in 

healthy young and older adults. 5, 12, 14, 31, 32 Among older adults, inspiratory muscle training 

increased their maximal inspiratory pressure.21 Similar inspiratory muscle training effects have 

been observed in patients with respiratory, cardiovascular, and neuromuscular diseases.18, 19, 33 

With chronic obstructive pulmonary disease (COPD) patients, 8 weeks of respiratory muscle 

training significantly improved inspiratory and expiratory muscle strength.22  

Here we assessed grip strength and endurance in healthy young (18-26 years) men (n=5) 

and women (n=2) before and after 6 weeks of IMST and asked does high intensity respiratory 

muscle strength training contribute to improvements in upper limb strength. Our preliminary 

results from this small sample of subjects proved not to be consistent with the existing literature. 

Specifically, and contrary to our expectations, after 6 weeks IMST there was no change in grip 

strength and a trend toward a decline in grip endurance. Indeed, the decline in average grip 

endurance neared statistical significance (grip endurance P= 0.13). The origin of this unexpected 

outcome is discussed in the section below entitled Study Limitations.  

 

Study Limitations 

First, the COVID-19 outbreak negatively affected our ability to complete the study 

protocol with the requisite number of subjects and resulted in a small sample size which limited 

our statistical power. Second, issues of standardization -- outlined below -- with regard to 

subjects’ performance of the grip endurance task pre- vs. post-IMST (i.e., inconsistencies in 

hand, forearm or wrist angle, and location of surface EMG electrode placement) may have 

contributed to the unexpected results for grip endurance.  



We did not perform an exhaustive assessment of the forearm muscle activation and 

therefore, did not assess the extent to which co-contraction of forearm muscles other than FCR 

and EDS may have occurred in the grip endurance task. Muscle co-contraction has the potential 

to contribute additional stabilizing force and/or additional grip force that results in increased 

maximal grip force and endurance. It is of interest to note that, whereas the majority of subjects 

(n=5) exhibited declines in grip endurance post IMST, results for grip endurance among subjects 

who reported undertaking weekly weight training (n=2) were largely unchanged pre vs. post 

intervention. Importantly, the outcomes for the latter individuals are consistent with previously 

published data for calf plantar flexion endurance pre-post IMT.29 These findings underscore the 

need for careful oversight of the grip endurance technique and specifically, replication of same 

arm and hand position and wrist and elbow angles at Week 1 and Week 6 in subsequent studies.  

Although we supervised subjects throughout the 6-week training period and asked them 

to maintain the same exercise regimen for the duration of the study, this aspect of subject 

behavior was not formally assessed to ensure that the frequency or intensity of weekly exercise 

remained the same. Finally, we did not collect data on sleep quality the night before pre- and 

post-assessments. Given that sleep quality has been shown to contribute to alterations in 

handgrip strength in men and women24, 25, 26, we cannot exclude the possibility that changes in 

sleep quality may also have contributed to the declines in grip endurance at Week 6.  

 

Future Directions 

The current findings are similar and different to previous studies that assessed functional 

capacity pre-post respiratory strength training. Whereas previous studies find no effect of 

respiratory strength training on upper limb strength, we report no change in grip force but 

declines in grip endurance following 6 weeks IMST. In view of these inconclusive results, 



additional studies are needed to determine the effect IMST has on handgrip strength. Subsequent 

studies should include a larger subject sample and incorporate methods to better standardize the 

grip endurance protocol to limit within subject variability. A more comprehensive pre-

assessment that is sensitive to participants’ fitness level and type of physical activity (i.e., 

aerobic or weight training) also may confer additional insights and increase test-retest reliability. 
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Table Legends 

Table 1. Key physiological parameters of our seven participants at intake. Average values (± 

SD) for age, height, weight and body mass index are displayed by sex. 

 

Table 2. Group averages (± SD) for systolic (SBP) and diastolic (DBP) blood pressures taken at 

intake (Week 1) and following 6 weeks of inspiratory muscle strength training. 

 

Table 3. Group averages (± SD) for grip strength (N) and maximum inspiratory pressure (PImax, 

mmHg) at intake (Week 1) and following 6 weeks of inspiratory muscle strength training. Grip 

strength was determined using a hand dynamometer and measured as the maximal force (N) 

generated during a ~5.0 s duration isometric contraction. Maximum inspiratory pressures were 

assessed using a two-way non-rebreathing valve fitted with flow limitation end cap on the 

inhalation port and an attached mouthpiece (Hans Rudolph). Subjects performed three maximal 

inspiratory breaths with a 30 s rest period in-between trials, with the highest inspiratory pressure 

used as maximum and to calculate their target pressure (65% PImax).   

 

 

  



Table 1.  

Sex (n) Age (years) Height (cm) Weight (kg) Body mass index (kg m-2) 

Male (5) 

Female (2) 

22.2 ± 3.6 

 

20 ± 1.4 

 

180 ± 5.6 

 

165 ± 4.2 

 

76 ± 6.7 

 

56.54 ± 9.1 

 

42.22 ± 3.4 

 

34.15 ± 4.7 

 

 

Table 2. 

Measure Pre-Training Post-Training 

SBP (mmHg) 

DBP (mmHg) 

115.51 ± 6.3 

72.96 ± 4.5 

113.43 ± 10.2 

69.28 ± 6.6 

Abbreviations: SBP, systolic blood pressure and DPB, diastolic blood pressure.  

 

Table 3.  

Measure Pre-Training Post-Training 

Grip Strength (N) 

PImax (mmHg) 

367.69 ± 102.8 

-82.47 ± 25.8 

380.77 ± 96.5 

-115.89 ± 23.4 

Abbreviations: PImax: maximum inspiratory pressure  

 

 

 

 

 

 

 

 



Figure Legends 

Figure 1. Average (± SD) grip endurance (sec) for all participants (n=7) pre-post respiratory 

endurance testing at Week 1.  

 

Figure 2. Average (± SD) grip endurance (sec) for all participants (n=7) pre-post respiratory 

endurance testing at Week 6.  

 

Figure 3. Average (± SD) grip endurance (sec) for all participants (n=7) pre respiratory 

endurance testing at Week 1 and Week 6. 

 

Figure 4. Average (± SD) grip endurance (sec) for all participants (n=7) post respiratory 

endurance testing at Week 1 and Week 6. 

  



Figure 1. 

 

 

Figure 2. 
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Figure 3. 

 

 

Figure 4. 
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