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ABSTRACT 1 

BACKGROUND  2 

Fatigue resistance (FR) was here defined as the time during which grip strength (GS) drops to 50% of 3 

its maximum during sustained contraction. Since different GS systems exist, we compared FR obtained 4 

with Pneumatic (Pneu) and Hydraulic (Hydr) handgrip systems. Hand pain induced by both systems was 5 

also investigated since this might influence FR-outcomes. 6 

 7 

METHODS 8 

618 young controls (Y:reference group), 426 middle-aged (MA) and 234 old community-dwelling adults 9 

(OLD), and 50 hospitalized patients (HOSP) participated. FR was recorded with Pneu and Hydr. Grip 10 

work corrected for body weight (area under the strength-time curve; GWBW=0.75*maximal 11 

GS*FR/body weight) was calculated. We corrected for body weigth since heavier or more obese 12 

participants will have to engage more strength and sustain the effort over time. Thereafter GWBW was 13 

expressed as T-scores representing the deviation from the mean score of the sex-specific reference group. 14 

Experienced pain, its intensity and whether pain hindered participants to sustained the contraction were 15 

questioned. 16 

 17 

RESULTS 18 

Overall, although significant correlation between FR measured with both systems was found (r=0.418, 19 

p<0.001), FR measured by Pneu (55.7±35.0s) was higher compared to Hydr (34.2±18.4s). There was a 20 

proportional difference in FR measured with both systems (R2=0.36, p<0.001), highlighting the longer 21 

participants could sustain FR test, the higher the difference in FR measured with both systems. Overall, 22 

there was no difference in pain variables between both systems. Independent of sex and system, GWBW 23 

deviated less from reference group in MA compared to OLD and HOSP. In OLD, GWBW deviated less 24 

from reference group than HOSP, independent of sex and system. 25 
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 1 

CONCLUSION 2 

Participants were unable to sustain the contraction with Hydr as long as with Pneu. Hydr seems less able 3 

to identify subjects with higher levels of muscle endurance. Based on the GWBM-scores we can conclude 4 

that either system can be used for assessing muscle fatigability, but Pneu may be more sensitive as 5 

differences can be detected more easily. 6 

 7 

Key words: 8 

Vigorimeter; Jamar; muscle fatigue; grip strength; grip work 9 
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1. INTRODUCTION 1 

Previously, we have introduced a new assessment method for determining muscle fatigability (fatigue 2 

resistance, FR) in older persons in clinical settings (Bautmans and Mets 2005). During this test 3 

participants are instructed to sustain maximal handgrip effort as long as possible until grip strength (GS) 4 

drops to 50% of its maximum (Bautmans and Mets 2005). The FR test allows the calculation of grip 5 

work (GW=0.75*maximal GS*FR) (Bautmans and others 2007; De Dobbeleer and others 2019), a 6 

parameter reflecting the work output delivered by the muscles during testing. The FR test, specially 7 

developed for old persons (Bautmans and Mets 2005), is characterized by its easy use and suitability for 8 

bedside evaluation of muscle function. The FR test has been validated (Bautmans and Mets 2005; 9 

Bautmans and others 2011) for the Martin Vigorimeter (KLS Martin Group, Tuttlingen, Germany), a 10 

system consisting of a rubber bulb connected via a rubber airtight junction with a manometer, here 11 

defined as “Pneumatic handgrip test system” (Pneu). Our previous work demonstrated that FR and GW 12 

measured with Pneu are significantly related to dependency for basic activities of daily living, self-13 

perceived fatigue and circulating markers of inflammation in community-dwelling old persons 14 

(Bautmans and others 2007; De Dobbeleer and others 2017), in frail old nursing home residents 15 

(Bautmans and others 2008), in hospitalized geriatric patients (Bautmans and others 2005; Beyer and 16 

others 2011a; Beyer and others 2012; Mets and others 2004) and following abdominal surgery 17 

(Bautmans and others 2010). 18 

 19 

However, many researchers and clinicians use the Jamar Dynamometer (Sammons Preston, Rolyon, 20 

Bolingbrook, IL), a handgrip system consisting of a rigid iron handle, here defined as “Hydraulic 21 

handgrip test system” (Hydr). Fair to good correlations for maximal GS between both handgrip systems 22 

have been reported (Desrosiers and others 1995; Neumann and others 2017; Sipers and others 2016). In 23 

addition, we recently validated the equation for GW estimation for Hydr (De Dobbeleer and others 24 

2019). However, in older women we found that overall FR was significantly higher when measured with 25 
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Pneu compared to Hydr (respectively 35±21s and 20±11s, p<0.001) (De Dobbeleer and others 2018). 1 

When participants were splitted into tertiles based on their Frailty Index (FI) score (“low-frail” (<0.19 2 

FI), “intermediate-frail” (0.19–0.36 FI) and “high-frail” (>0.36 FI)), FR was approximately double in 3 

low-frail participants (44.3±24.6s) compared to high-frail (23.9±12.7s, p=0.011) when measured with 4 

Pneu, whereas no difference was observed when using Hydr. This indicates that Hydr is less able to 5 

identify older women with higher levels of muscle fatigability. However, it remains unclear to which 6 

extent FR differs when measured with both systems in other participants with different age and clinical 7 

characteristics. Moreover, as Hydr can elicit more pain compared to Pneu during a maximal handgrip 8 

test (Draak and others 2015), it cannot be excluded that subjects show worse scores because they 9 

experienced more pain in the hand joints when performing the FR test with this system. 10 

 11 

Therefore, the aim of this study was to verify whether FR obtained with Pneu and Hydr are comparable 12 

in a large cohort of subjects including young healthy persons (Y), community-dwelling middle-aged 13 

(MA) and older persons (OLD), and hospitalized geriatric patients (HOSP). In addition, we evaluated 14 

whether hand pain elicited during the FR test differed between both systems. 15 

 16 

2. METHODS 17 

2.1. Participants 18 

The aim was to compare muscle fatigability outcomes obtained with both handgrip systems in a large 19 

and diverse sample of adult subjects ranging from healthy and fit young adults to very old, frail and ill 20 

geriatric patients. A total of 1328 subjects were included in this study (see table 1). Eligible participants 21 

had to meet the following criteria: 22 

a) Y, aged 18-29 years: completely healthy, no medication use, no impairments interfering with muscle 23 

fatigue resistance test, normal physical activity (i.e. at least 150 minutes/week at moderate intensity 24 

but no competitive sports). Pregnant women were excluded. 25 
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b) MA, aged 30-65 years and OLD, aged >65 years: living independently in the community, no 1 

functional disability of the dominant upper extremity (paresis/paralysis, tremor or recent surgery), 2 

normal cognitive functioning (Mini-Mental State Examination score >23/30 (Folstein and others 3 

1975)), living independently in the community. Pregnant women were excluded. Co-morbidity was 4 

not an exclusion criterion per se except for acute or uncontrolled conditions, chronic inflammatory 5 

pathology and/or central nervous disease (e.g. Parkinson’s disease, Multiple Sclerosis, Cerebro-6 

Vascular Accident). 7 

c) HOSP, aged ≥70 years: subjects were screened for exclusion criteria by interview and excluded when 8 

unable to understand or perform (due to cognitive or physical impairments) the test instructions and 9 

procedures and when presenting functional disability of the dominant upper extremity 10 

(paresis/paralysis, tremor or recent surgery). 11 

The main admission diagnoses for HOSP were cardio-vascular disease (n=12), infectious disease (n=10), 12 

musculo-skeletal disease (n=9), haematological disease (n=3), gastro-intestinal disease (n=3), diabetes 13 

mellitus (n=3), cerebro-vascular disease (minor or transient, n=2), cancer (n=2), neuro-psychological 14 

disease (n=2), non-infectious respiratory disease (n=2), orthorhinolaryngoginical disease (n=1) and 15 

urological disease (n=1). 16 

 17 

We intended to obtain a large reference group of Y of at least 500 subjects (250 men and 250 women). 18 

For the MA and OLD, we aimed to recruit at least 50 subjects (25 men and 25 women) per age-decade 19 

(30-39, 40-49, 50-59, 60-69, 70-79 and +80 years) to avoid age and sex asymmetry in our sample. In the 20 

same line, we aimed to recruit 50 HOSP (25 men and 25 women). 21 

For all participants, data collection took place either at SOMT University of Physiotherapy (The 22 

Netherlands) or at the geriatric day hospital of the Universitair Ziekenhuis Brussel (Belgium). HOSP 23 

were recruited from the Universitair Ziekenhuis Brussel (Belgium). Community-dwelling subjects were 24 
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recruited by flyers, media announcements, and announcements among students and staff of Vrije 1 

Universiteit Brussel and SOMT. 2 

 3 

2.2. Measurements 4 

HOSP were assessed within the first week after admission at the hospital (3.1±1.6 days). If Y, MA or 5 

OLD subjects practiced leisure physical exercise, measurements were performed at least 12 hours after 6 

the last intensive physical activity. 7 

 8 

2.2.1. Muscle fatigability 9 

Muscle fatigability was assessed with the dominant hand using both Pneu [KLS Martin Group, 10 

Germany] and Hydr [SAEHAN, South Korea] in a random order, on the same day with at least 1 hour 11 

interval. In n=644 participants (Y n=204, MA n=222, OLD n=168, HOSP n=50), the FR test was 12 

performed (instead of the above mentioned Pneu and Hydr) with a modified Pneumatic handgrip system 13 

(original rubber bulb of Martin Vigorimeter connected to a Unik 5000 pressure gauge [GE, Germany]) 14 

and a modified Hydr handgrip Dynamometer G200 system (original Jamar Dynamometer handle with 15 

an in-build strength gauge [Biometrics, UK]), in order to appraise muscle strength decay curves (systems 16 

were connected to a MPAQ universal amplifier, Maastricht Instruments; results not reported here). The 17 

modified systems were calibrated each time just before the assessment. The test protocol was based on 18 

our previous studies (Arnold and others 2017; Bautmans and others 2007; Bautmans and Mets 2005; 19 

Bautmans and others 2010; Bautmans and others 2005; Bautmans and others 2008; Bautmans and others 20 

2011; Beyer and others 2011b; Beyer and others 2012; De Dobbeleer and others 2019; De Dobbeleer 21 

and others 2017). Briefly, subjects were asked to maintain the following position: shoulder adducted and 22 

neutrally rotated, elbow flexed at 90°, forearm in neutral position, and wrist in slight extension (0°-30°). 23 

Then participants squeezed 3 times the large bulb of Pneu or the iron handle of Hydr in position 2 24 

(Trampisch and others 2012) as hard as possible. The greater value of the 3 attempts was noted for each 25 
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system. Afterwards, subjects were instructed to squeeze the large bulb or iron handle as hard as possible 1 

and now to maintain this maximal pressure until 50% of its maximum GS was reached, under 2 

standardized verbal encouragement by a trained investigator. The investigator verified that the starting 3 

GS corresponded to the maximal GS tested before and, if too low, encouraged the participant to “squeeze 4 

as hard as possible”. If the starting strength was >20% lower than the maximal GS tested before the test 5 

was aborted and restarted after at least 1 minute of rest. The highest value between the 3 attempts and 6 

the maximal GS reached during the FR was noted as maximal GS. Grip work representing the area under 7 

the strength-time curve was calculated as described previously (GW=0.75*maximal GS*FR) (Bautmans 8 

and others 2007; Bautmans and others 2008; Bautmans and others 2011; Beyer and others 2011b; Beyer 9 

and others 2012; De Dobbeleer and others 2019; De Dobbeleer and others 2017; De Dobbeleer and 10 

others 2018). GW was corrected for body weight (GWBW) since heavier or more obese participants will 11 

have to engage more strength and sustain that effort over time in order to execute daily tasks, such as 12 

transfers and carrying or moving objects compared to their lighter or leaner counterparts (Bautmans and 13 

others 2011). 14 

2.2.2. Pain assessment 15 

Immediately after the FR tests participants were asked if they felt pain in their dominant hand (answer 16 

options were: yes, no, do not know and refused). During the data processing the answers were coded: 17 

yes = 1 and all other options = 0. If participants experienced pain, they were asked to subjectively rate 18 

their pain on a numerical scale, going from 0 = no pain to 10 = maximal pain. Finally, participants needed 19 

to answer the following question: “Did the pain prevent you from squeezing as long as possible?”. 20 

Answer options were: yes, no, no pain, do not know and refused. During the data processing the answers 21 

were coded: yes = 1 and all other options = 0. 22 

2.2.3. Dependency in basic (bADL) and instrumental (iADL) activities of daily living 23 

The level of dependency in bADL was assessed using a 6-item scale (bathing, dressing, transfers, use of 24 

toilet, continence and eating) as described by Katz et al. (Katz S 1963). Each item was scored from 1 25 
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(completely independent) to 4 (completely dependent). A total score of 8/24 or higher can be considered 1 

as significant dependency. The level of dependency in iADL was evaluated using a 9-item scale 2 

(telephone use, mode of transportation, shopping, preparing food, housekeeping, doing handyman work, 3 

doing laundry, responsibility for own medications and ability to handle finances) as described by Lawton 4 

et al. (Lawton MP 1969). Each item was scored from 1 (completely dependent) to 3 (completely 5 

independent). 6 

 7 

2.3. Data processing and statistical analysis 8 

All analyses were performed with IBM SPSS statistics for Windows, version 26 (IBM Corp., Armonk, 9 

N.Y., USA). One-way analysis of variance (ANOVA) and least significant difference (LSD) post hoc 10 

tests (p<0.05) were performed to determine whether descriptive characteristics differed between Y, MA 11 

and OLD (age-related differences) and between OLD and HOSP (clinical-related differences). 12 

McNemar’s test was used to determine if there was a difference in frequency of number of times 13 

participants felt pain during the FR test measured with both systems. The same was performed for the 14 

frequency of number of times pain prevented participants from squeezing as long as possible. A mixed 15 

effects logistic regression was conducted, having a fixed effect for study group and a random intercept 16 

per patient, to assess the likelihood to report pain after the FR test compared to Y. Odds ratio were 17 

calculated, together with their 95% confidence intervals. To investigate if there was a relationship 18 

between FR measured with both systems a pearson correlation coefficient was calculated. Furthermore, 19 

the relationships between the difference in FR between both systems, the intensity of pain participants 20 

experienced during the FR tests and the maximal GS were calculated. To compare GWBW for each 21 

system, the mean GWBW and corresponding standard deviation (MEANY±SDY) were calculated for the 22 

men and women of the young reference group (Y). Then for each participant of the MA, OLD and HOSP 23 

group, GWBW was expressed as a T-score which was calculated using the following formula: 24 

(𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)/𝑆𝑆𝑆𝑆𝑀𝑀 25 
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Pneu: MEANY±SDY were respectively for men and women: 49.5±30.6 kPa*s/kg body weight and 1 

40.7±27.1 kPa*s/kg body weight.  2 

Hydr: MEANY±SDY were respectively for men and women: 14.7±7.7 kg*s/kg body weight and 10.8±5.6 3 

kg*s/kg body weight. Differences between systems in GWBW T-scores were analysed using Paired 4 

Sample T test within each group (MA, OLD and HOSP). 5 

Differences between systems in FR and GWBW T-scores were analysed using One-way analysis of 6 

variance (main effect: group). Main interactions between group and group x system were analysed by 7 

using 2-way ANOVA with repeated measures design. Bland–Altman plots were made per sex for FR 8 

measured with Pneu and Hydr. In the Bland-Altman plots a regression line was plotted to assess the 9 

proportional differences in FR. 10 

FR data of 4 participants were missing (Pneu: 1 OLD woman and Hydr: 1 Y, 1 MA and 1 OLD man) 11 

due to exhaustion from previous tests, lack of time or pain in the dominant hand. We included these 4 12 

subjects in all statistical analyses except for analyses involving FR or GWBW measured with that specific 13 

handgrip system, since these data were missing. 14 

 15 

3. RESULTS 16 

Based on the descriptive characteristics (see table 1), no unexpected differences were found between Y, 17 

MA, and OLD (age-related differences) and between OLD and HOSP (clinical-related differences). 18 

Overall OLD were weaker, older, had higher BMI-scores, were more dependent for bADL and iADL, 19 

and took more medication compared to Y and MA, independent of sex. Y women significantly (p<0.05) 20 

weighed less compared to MA and OLD. For men we found that MA weighed the most. HOSP were 21 

significantly (p<0.05) older, were more dependent for bADL and iADL, and took more medication 22 

compared to OLD. Among the men, HOSP had lower BMI and body weight than OLD. 23 

 24 
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A significant correlation between FR measured with both systems was found (r=0.418, p<0.001). 1 

However, FR differed significantly between both handgrip systems (Mean Difference [MD]=21.6s, 95% 2 

Confidence Interval [CI][19.8-23.3]), with FR measured by Pneu (55.7±35.0s) being significantly 3 

(p<0.001) higher than when measured by Hydr (34.2±18.4s). When FR for both systems was studied in 4 

men (MD=18.5s, 95% CI[16.2-20.8]) and women (MD=24.4s, 95% CI[21.8-27.0]) separately, similar 5 

results were found. The difference in FR between both systems remained present when taking into 6 

account the clinical condition and sex (see figure 1A and 1B). Bland-Altman plots show that the 7 

difference between both systems increases with increased FR (figure 2A and 2B), highlighting that the 8 

longer the participant sustained the FR test, the higher the difference in FR was found between both 9 

systems. This was seen for all participants (R2=0.36; p<0.001) as for men (R2=0.31, p<0.001) and 10 

women (R2=0.40, p<0.001) separately. We found a small negative relation between the difference in FR 11 

between both systems and the maximal GS (Pneu: r=-0.110, p<0.001 and Hydr: r=-0.113, p<0.001; see 12 

supplementary table 2). 13 

 14 

Significant MD in FR were found for system (both p<0.001), group (both Pneu and Hydr p<0.001) and 15 

system x group (men p=0.003 and women p<0.001), independent of sex. FR of Y was significantly lower 16 

than FR of MA and OLD, regardless of sex and handgrip system (figure 1A and 1B and supplementary 17 

table 1A). This means Y were not able to sustain the grip effort as long as MA and OLD. MA were able 18 

to sustain the maximal handgrip effort longer than HOSP, independent of sex and system, except for 19 

women when they used Pneu. OLD sustained the maximal handgrip effort longer than HOSP, 20 

independent of sex and system, but in this case no significant difference was found when21 
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Table 1: participants’ characteristics stratified by age, sex and clinical condition 1 
 Y MA OLD HOSP 

Men 
(n=304) 

Women 
(n=314) 

Men 
(n=195) 

Women 
(n=231) 

Men 
(n=115) 

Women 
(n=119) 

Men 
(n=25) 

Women 
(n=25) 

Maximal GS 
Pneu (kPa) 

114.5±20.0 
[64.0-160.0] 

80.4±17.6 
[34.6-142.0] 

105.0±20.2* 

[45.0-153.0] 
74.4±17.5* 

[32.4-126.0] 
71.7±18.9*,$ 
[18.0-122.0] 

50.0±12.6*,$ 

[23.0-81.5] 
50.8±13.8£ 

[23.0-80.1] 
34.2±7.0£ 

[15.7-47.0] 
Maximal GS 
Hydr (kg) 

49.7±9.8 
[27.3-89.1] 

34.1±8.6 
[18.1-110.4] 

80.9±15.2 
[24.7-143.1] 

34.6±12.6 
[18.0-110.9] 

37.2±8.7*,$ 

[11.5-72.2] 
24.5±6.8*,$ 

[12.7-60.1] 
26.2±6.5£ 

[14.3-40.0] 
18.6±10.0£ 

[7.6-62.8] 
Age (y) 24.9±3.2 

[18.0-29.0] 
24.6±2.9 

[18.0-29.0] 
46.7±11.0* 
[30.0-65.0] 

47.7±10.2* 
[30.0-65.0] 

76.7±7.1*,$ 
[66.0-93.0] 

76.3±6.8*,$ 
[66.0-95.0] 

83.8±5.7£ 
[70.0-94.0] 

83.6±5.2£ 
[73.0-99.0] 

BMI (kg/m2) 24.3±3.6 
[16.2-47.4] 

23.5±3.7 
[17.1-46.0] 

26.1±3.8* 
[16.8-39.1] 

25.7±4.6* 
[18.6-52.5] 

27.0±3.9*,$ 
[17.7-38.0] 

27.2±4.3*,$ 
[19.2-41.9] 

25.0±4.7£ 
[16.5-39.1] 

26.2±4.6 
[18.5-34.5] 

Body weight 
(kg) 

80.6±13.6 
[54.6-158.0] 

67.7±12.0 
[41.0-141.0] 

86.3±13.9* 
[56.8-145.0] 

71.9±13.2* 
[38.5-150.0] 

82.5±13.2$ 
[54.0-124.8] 

70.5±11.0* 
[51.3-108.0] 

72.9±14.7£ 
[45.0-110.3] 

66.8±12.5 
[46.7-93.5] 

bADL (n/24) 6.0±0.0 
[6.0-6.0] 

6.0±0.0 
[6.0-6.0] 

6.0±0.4 
[6.0-12.0] 

6.0±0.3 
[6.0-10.0] 

6.2±0.5*,$ 
[6.0-8.0] 

6.3±0.6*,$ 
[6.0-9.0] 

7.6±2.6£ 
[6.0-14.0] 

7.8±2.5£ 
[6.0-17.0] 

iADL (n/27) 27.0±0.0 
[27.0-27.0] 

27.0±0.0 
[27.0-27.0] 

26.9±0.7 
[20.0-27.0] 

26.9±0.5 
[22.0-27.0] 

26.2±1.8*,$ 
[15.0-27.0] 

26.1±1.5*,$ 
[19.0-27.0] 

20.4±5.8£ 
[10.0-27.0] 

20.2±4.9£ 
[11.0-27.0] 

Medication (n) 0.0±0.0 
[0.0-0.0] 

0.0±0.0 
[0.0-0.0] 

0.6±1.3* 
[0.0-0.9] 

0.7±1.2* 
[0.0-8.0] 

2.1±2.3*,$ 
[0.0-14.0] 

2.2±2.4*,$ 
[0.0-10.0] 

5.2±3.9£ 
[0.0-12.0] 

4.5±5.5£ 
[0.0-18.0] 

BMI = body mass index. bADL = basic daily living activities. iADL= instrumental daily living activities. Y = healthy young adults (Y, aged 18-2 
29 years). MA = middle-aged community-dwelling adults aged ≥30-65 years. OLD = older community-dwelling adults aged >65 years. HOSP = 3 
hospitalized geriatric patients aged ≥70 years. 4 
One-way analysis of variance: all values are expressed as mean±standard deviation [minimum-maximum], * significantly different from Y, $ 5 
significantly different from MA, and £ significantly different from OLD of the same sex, both LSD post-hoc test p<0.05.  6 
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Figure 1A, 1B, 1C and 1D: FR and GWBW per clinical condition and sex (measured with both handgrip systems) 1 
One-way analysis of variance (main effect: group). Main interactions between group and group x system were assessed by using 2-way ANOVA 2 
with repeated measures design. * significantly different from Y, $ significantly different from MA and £ significantly different from OLD, all LSD 3 
post-hoc test p<0.05. Error bars = confidence intervals level 95%. Y = healthy young adults (Y, aged 18-29 years). MA = middle-aged community-4 
dwelling adults aged ≥30-65 years. OLD = older community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged ≥70 5 
years. 6 

  7 
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Figure 2A and 2B: Bland–Altman plots per sex for FR measured with Pneu and Hydr 1 
The horizontal plain line represents the mean difference in FR between both systems (respectively figure 2A 18.5s and figure 2B 24.4s). The dotted 2 
lines show the upper and lower limits of agreement (respectively figure 2A [-38.9s;+75.9s]and figure 2B [-42.4s;+91.2s]). The other plain line 3 
represents the linear regression showing that there is a significantly proportional difference in FR measured with both systems (respectively figure 4 
2A R2=0.31 and figure 2B R2=0.40; all p<0.001), indicating that the longer the participant could sustain the FR test, the higher the difference in 5 
FR measured with both systems. 6 

 7 
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women squeezed in Hydr. No significant interaction between the systems and groups were found 1 

between Y and HOSP, and also between MA and OLD, even when we seperated the FR per sex (see 2 

figure 1A and 1B). 3 

 4 

There was no significant (p=0.949) difference between both handgrip systems in the number of times 5 

participants answered “yes” to the question “Did you feel pain during the FR test?”. However, 6 

independently of system used, the likelihood to report pain after the FR test was significantly lower in 7 

OLD compared to Y (ᵡ2=25.59, p<0.001 odds ratio=0.21 95% CI[0.11-0.40], p<0.001; see 8 

supplementary table 4). Furthermore, there was no significant (p=1.00) difference between both systems 9 

in the number of times participants answered “yes” to the question “Did the pain prevent you from 10 

squeezing as long as possible?” (see table 2A and 2B). Overall, no significant difference was found in 11 

the intensity of pain between both handgrip systems for all participants ((0.05/10, 95% CI[-0.05-0.15]) 12 

p=0.346) and for participants who felt pain during the FR test ((0.13/10, 95% CI[-0.16-0.41]) p=0.393). 13 

The difference in FR between both systems was not significantly related to the intensity of pain 14 

participants experienced during the FR test (measured with Hydr r=-0.016, p=0.792; measured with Pneu 15 

r=0.064, p=0.288). 16 

 17 
Table 2A: pain experiences during FR tests 18 
“Did you feel pain during the 
FR test?” 

Hydr McNemar 
test 

No pain Pain p=0.949 
Pneu No pain 914 (69.6%) 122 (9.3%) 

Pain 120 (9.1%) 158 (12.0%) 
Pneu = pneumatic handgrip system. Hydr = hydraulic handgrip system. 19 
McNemar’s test: data represents numbers (% of the total participants). N=1314 (14 missing values). 20 
 21 
Table 2B: pain influence during FR tests 22 
“Did the pain prevent you from 
squeezing as long as possible?" 

Hydr McNemar 
test 

No  Yes p=1.00 
Pneu No 240 (60.0%) 57 (14.3%) 

Yes 58 (14.5%) 45 (11.3%) 
Pneu = pneumatic handgrip system. Hydr = hydraulic handgrip system. 23 
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McNemar’s test: data represents numbers (% of the total participants who felt pain during FR test). 1 
N=400. 2 
As shown in table 3, MA had significant (p=0.036) worse GWBW T-scores, thus their GWBW deviated 3 

more from the young reference group, when using Pneu compared to Hydr (MD=-0.1, 95% CI[-0.3—4 

0.0]). When GWBW T-scores were studied for men (p=0.150) and women (p=0.125) separately no 5 

significant difference was found for either handgrip system (see figure 1C and 1D). Moreover for HOSP 6 

we found significantly (p=0.020) better GWBW T-scores (deviated less from the young reference group) 7 

when they squeezed in Pneu compared to Hydr (MD=0.2, 95% CI[0.0-0.4]). In figures 1C and 1D and 8 

supplementary table 1B, can also be seen that independently of sex and handgrip system, GWBW deviated 9 

less from the young reference group in MA compared to OLD and HOSP. Also in OLD, GWBW deviated 10 

less from the young reference group compared to HOSP, independent of sex and handgrip system. No 11 

significant differences in main interaction for system and system x group was found, although there was 12 

a borderline significant interaction for system x group (p=0.055) in women. 13 

Table 3: GWBW based on T-scores measured with both handgrip systems 14 
Age categories GWBW Pneu T-scores GWBW Hydr 

T-scores 
MA 0.40±1.00 0.54±1.43* 
OLD -0.12±1.06 -0.19±1.05 
HOSP -0.69±0.85 -0.89±0.80* 

MA = middle-aged 30-65 years. OLD = community-dwelling adults aged >65 years. HOSP = 15 
hospitalized geriatric patients aged ≥70 years. GWBW = grip work corrected for body weight. Pneu = 16 
pneumatic handgrip system. Hydr = hydraulic handgrip system. 17 
Paired Sample T test: all values are expressed as mean±standard deviation, * significantly different 18 
from GWBW Pneu T-scores (*p<0.05). 19 
 20 

4. DISCUSSION 21 

To the best of our knowledge, this is the first time that muscle fatigability measured with Pneu and Hydr 22 

handgrip systems was compared in a large cohort including Y, MA, OLD and HOSP. Moreover, we 23 

studied whether hand pain elicited during the FR test differed between both systems. 24 

 25 

Overall, FR was almost double when using Pneu compared to Hydr. This finding is in line with our 26 

previous study where we compared FR obtained with both handgrip systems in 53 community-dwelling 27 
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women (63–100y), which were categorized according to tertiles on the Frailty Index score (De 1 

Dobbeleer and others 2018). An added value of the current study is that we were able to investigate the 2 

effects of age, sex, clinical condition and pain on the difference in FR. Here we confirmed that the 3 

difference in FR remained present when taking into account the clinical condition and sex. Moreover, in 4 

line with our previous results, the present study showed that the difference between both systems 5 

increases with better FR, highlighting that the longer a participant sustained the FR test, the higher the 6 

difference in FR between both systems (De Dobbeleer and others 2018). This was observed for all 7 

participants and for men and women separately. Since we found only a small negative relation (r=0.11, 8 

p<0.001) between the difference in FR between both systems and the maximal GS it is most likely that 9 

other factors besides maximal strength influence this difference. Independent of sex and handgrip 10 

system, Y were not able to sustain the grip effort as long as MA and OLD. This finding is in line with 11 

our study of 2017 where we found that overall FR of Y (aged 20-30y) was significantly lower than FR 12 

of OLD (aged 60y or over) when using Pneu (63.3±3.8s against 82.1±3.8s respectively) (De Dobbeleer 13 

and others 2017). The difference in FR during the sustained maximal handgrip effort between Y, MA 14 

and OLD could partly be attributed to earlier occurrence of hypoxia in the Y due to the compression of 15 

arteries by the contracting stronger forearm muscles (Nilsson and Ingvar 1967). In fact, based on a planar 16 

architectural model for activated muscle, it has been shown that high intramuscular pressure (>44kPa) 17 

can indeed obstruct the intramuscular blood flow during sustained contraction (Van Leeuwen and Spoor 18 

1992). This hypothesis is partly supported by the fact that we found a small negative relation (r=0.12, 19 

p<0.001) between FR and maximal GS for Pneu. Moreover, the likelihood to experience pain during the 20 

FR test was lower in OLD compared to Y. 21 

 22 

No significant difference in intensity of pain during the FR test was found when both handgrip systems 23 

were used. Also remarkable is that there was no significant difference between both systems in number 24 

of participants who reported to experience hand pain during the test and to be prevented by this pain 25 
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from squeezing as long as possible during the FR test. Moreover, the difference in FR between both 1 

systems was not significantly related to the intensity of pain participants experienced during the FR test. 2 

As well, we found no significant relationship between maximal GS and pain intensity during the FR test, 3 

neither for Pneu nor for Hydr (supplementary table 3). In this study, we can conclude that participants 4 

did not stop the FR test prematurely due to increased pain sensation, independent of which handgrip 5 

system was used. So contrary to our initial hypothesis, we can’t explain the difference in FR between 6 

both systems based on a higher pain sensation elicited by using Hydr. To the best of our knowledge, to 7 

date, this is the first study investigating the occurrence of hand pain during the FR test. Nevertheless, 8 

Draak and others (Draak and others 2015) demonstrated that patients suffering from immune 9 

neuropathies prefer Pneu compared to Hydr for maximal handgrip testing (cross‐sectional group 10 

(n=102): 52.2% against 29%, p=0.033; longitudinal group (n=163): 53% against 25.3%, p=0.014). 11 

Literature data regarding this aspect are however very scarce. 12 

 13 

Based on our results we can assume pain was not a decisive factor in the difference of FR between the 14 

two systems. Perhaps, in future studies, it would be appropriate to use measurements like the Borg scale 15 

of perceived exertion to obtain more reliable information about the physical performance intensity (Borg 16 

1982). Probably, participants experienced different physical performance intensity between both 17 

handgrip systems, but for this we cannot make a statement with our actual used pain measurements. In 18 

our previous study (De Dobbeleer and others 2018) we found slightly but significantly higher Borg scale 19 

of perceived exertion scores which supported the assumption that the FR test performed with Pneu was 20 

able to push the participants closer to their maximal fatigue level compared to the Hydr. 21 

Another explanation for the difference in FR could be found in the different kind of muscle contraction 22 

that both handgrip systems require, namely a more dynamic against a more static contraction 23 

(respectively Pneu against Hydr). It has been previously shown that older persons can sustain a 24 

continuous isometric contraction longer than young persons, whereas the opposite is true for sustained 25 
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intermittent contractions (Callahan and Kent-Braun 2011). However, in our study, only the start of the 1 

test (i.e. compressing the rubber bulb) was dynamic, the test procedure was not intermittent (i.e. no 2 

relaxation periods). Moreover, Pneu has been specifically designed for patients with arthritis to allow 3 

GS assessment while avoiding excess stress on weak or painful joints (allows a softer external resistance) 4 

(Helewa and others 1981; Mathiowetz and others 1984). It might be possible that participants interrupt 5 

the FR test earlier when using Hydr because the test is more difficult to perform with this system. In 6 

fact, Hydr is heavier, less comfortable and more rigid than Pneu (Draak and others 2015). Future studies 7 

including simultaneous recording of forearm muscle activity (e.g. by surface EMG) during the FR test 8 

might help to understand this difference in FR. 9 

 10 

The units of measurement are different between Pneu and Hydr, making direct comparisons for GW 11 

between both systems uneasy. To counter this problem, we made use of GWBW T-scores. Based on that, 12 

we found that men and women MA had higher T-scores for GWBW (deviated less from the reference 13 

group) than OLD and HOSP for both Pneu and Hydr. Also, OLD had higher GWBW T-scores compared 14 

to HOSP, independently of sex and used handgrip system. Based on our previous work in different 15 

clinical groups (community-dwelling older persons (Bautmans and others 2007; De Dobbeleer and 16 

others 2017), older nursing home residents (Bautmans and others 2008), hospitalized geriatric patients 17 

(Bautmans and others 2005; Beyer and others 2011b; Beyer and others 2012; De Dobbeleer and others 18 

2017; Mets and others 2004) and abdominal patients (Bautmans and others 2010)), we can assume that 19 

HOSP had worse muscle fatigability scores, since their GWBW deviated the most from the young 20 

reference group, due to circulating markers of inflammation. Unfortunately, we cannot substantiate this 21 

hypothesis in this study, since we did not take blood samples. Additionally, we showed that patients with 22 

inflammation had impaired recovery of muscle fatigability, despite medical treatment and rehabilitation 23 

guided by a physiotherapist at the ward (Bautmans and Mets 2005). In two other randomized controlled 24 

trials it was shown that treatment with a non-steroidal anti-inflammatory drug significantly improved 25 
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FR and GWBW in hospitalized geriatric patients with acute infection (Beyer and others 2011a; Mets and 1 

others 2004). Another recent study (Arnold and others 2017) indicates that patients hospitalized at the 2 

geriatric ward with acute infection show substantially altered muscle activity compared to community-3 

dwelling controls. In fact, the geriatric patients showed impaired muscle contractibility as well as a 4 

significant decrease in muscle activity during the FR test, which were both significantly related to 5 

circulating markers of inflammation. This finding confirms that local processes are involved. Since it 6 

has been proven that local processes in the muscle induce worse muscle fatigability, resistance exercise 7 

in old persons (Peterson and others 2010) can lead to rapid strength gains, mainly with the help of 8 

voluntary muscle activation (Arnold and Bautmans 2014; Penzer and others 2015). Thus, our current 9 

results suggest GWBW (either in absolute values or T-scores) can be used in the geriatric comprehensive 10 

assessment as a supplementary parameter for muscle fatigability, reflecting the work output delivered 11 

by the muscles during the FR test. This parameter makes it possible to identify therapeutic targets in 12 

clinical practice (e.g. starting with resistance training to improve muscle strength and endurance). 13 

 14 

5. CONCLUSION 15 

FR obtained with Pneu and Hydr are not interchangeable, independent of age, sex and clinical condition. 16 

Our results confirm the hypothesis that Hydr is less able to differentiate subjects with higher levels of 17 

muscle endurance. Moreover, based on the GWBW-scores we can conclude that either system can be 18 

used for assessing muscle fatigability, but Pneu may be more sensitive as differences can be detected 19 

more easily. This parameter can help with the decision of therapeutic targets in clinical practice. 20 

 21 
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9. SUPPLEMENTARY MATERIAL 1 

Supplementary table 1A and 1B: mean differences fatigue resistance and grip work corrected for body weight per clinical condition and 2 
sex (measured with both handgrip systems) 3 
Supplementary table 1A: mean differences fatigue resistance 4 

Data represent mean differences± standard deviation. Y = healthy young adults (Y, aged 18-29 years). MA = middle-aged community-5 
dwelling adults aged ≥30-65 years. OLD = older community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged 6 
≥70 years. Pneu = pneumatic handgrip system. Hydr = hydraulic handgrip system. 7 
Repeated measures analysis of variance: main effects (device and device x group), bold = significantly different *p<0.05 8 
 9 

Supplementary table 1B: mean differences grip work corrected for body weight 10 
  HOSP  OLD 
  Pneu 

(kPa*s/kg body weight) 
Hydr 

(kg*s/kg body weight) 
Pneu 

(kPa*s/kg body weight) 
Hydr 

(kg*s/kg body weight) 
MA Men 1.1±0.2 1.3±0.2 0.5±0.1 0.6±0.1 

Women 1.1±0.2 1.1±0.2 0.5±0.1 0.8±0.2 
OLD Men 0.5±0.2 0.7±0.2 / / 

Women 0.6±0.2 0.7±0.3 / / 
Data represent mean differences± standard deviation. Y = healthy young adults (Y, aged 18-29 years). MA = middle-aged community-11 
dwelling adults aged ≥30-65 years. OLD = older community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged 12 
≥70 years. Pneu = pneumatic handgrip system. Hydr = hydraulic handgrip system. 13 
Repeated measures analysis of variance: main effects (device and device x group), bold = significantly different *p<0.05  14 

  HOSP OLD MA 
  Pneu (s) Hydr (s) Pneu (s) Hydr (s) Pneu (s) Hydr (s) 
Y Men 0.2±6.1 3.7±3.4 -16.3±3.2 -6.3±1.8 -15.9±2.7 -8.0±1.5 

Women -12.9±7.6 -2.0±3.9 -29.6±3.9 -8.7±2.0 -24.5±3.2 -11.7±1.6 
MA Men 16.1±6.3 11.7±3.5 -0.4±3.5 1.7±1.9 / / 

Women 11.6±7.7 9.7±4.0 -5.1±4.1 3.0±2.1 / / 
OLD Men 16.4±6.5 10.0±3.6 / / / / 

Women 16.7±8.0 6.7±4.2 / / / / 
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Supplementary table 2: the relationship between the difference in FR between both systems and maximal GS, as well as for FR and 1 
maximal GS, separately for each system 2 
 3 
 Difference FR Pneu-Hydr (s) FR Pneu (s) FR Hydr (s) 
Maximal GS Pneu (kPa) -0.110*, p<0.001 -0.120*, p<0.001  
Maximal GS Hydr (kg) -0.113*, p<0.001  -0.023*, p=0.413 

Data represent partial correlation coefficients. Significantly correlation level was set *p<0.001. 4 
GS = grip strength. FR = fatigue resistance. Pneu = pneumatic handgrip system. Hydr = Hydraulic handgrip system. kPa = KiloPascal. Kg = 5 
kilograms. 6 
 7 

Supplementary table 3: the relationship between maximal grip strength and pain intensity during the FR test 8 
 9 
  Maximal GS Pneu 

(kPa) 
Maximal GS Hydr 

(kg) 
Difference FR Pneu-Hydr 

(s) 
No pain Highest pain intensity Pneu (n/10) -0.089, p=0.266  0.104, p=0.195 

Highest pain intensity Hydr (n/10)  -0.074, p=0.359 0.043, p=0.589 
Pain Pneu only Highest pain intensity Pneu (n/10) -0.115, p=0.215  0.025, p=0.785 
Pain Hydr only Highest pain intensity Hydr (n/10)  0.082, p=0.371 -0.104, p=0.258 

Data represent partial correlation coefficients. Significantly correlation level was set *p<0.001. 10 
GS = grip strength. FR = fatigue resistance. Pneu = pneumatic handgrip system. Hydr = Hydraulic handgrip system. kPa = KiloPascal. Kg = 11 
kilograms.  12 
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Supplementary table 4: the likelihood to report pain after the FR test compared to young healthy persons 1 
 2 
 B SE OR 95% CI p-value 

LB UB 
MA -0.40 0.23 0.67 0.43 1.06 0.08 
OLD -1.54 0.32 0.21 0.11 0.40 <0.001 
HOSP 0.50 0.51 1.64 0.60 4.50 0.33 

ᵡ2 = 25.59, df = 3, N = 1327, p<0.001 3 
 4 
MA = middle-aged 30-65 years. OLD = community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged ≥70 years. B = 5 
exponent. SE = standard error. OR = odds ratio. 95% CI = 95% confidence interval. LB = lower bound. UB = upper bound. 6 
Mixed logistic regression. 7 
 8 
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SUPPLEMENTARY MATERIAL 

Supplementary table 1A and 1B: mean differences fatigue resistance and grip work corrected for body weight per clinical condition and 
sex (measured with both handgrip systems) 
Supplementary table 1A: mean differences fatigue resistance 

Data represent mean differences± standard deviation. Y = healthy young adults (Y, aged 18-29 years). MA = middle-aged community-dwelling 
adults aged ≥30-65 years. OLD = older community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged ≥70 years. Pneu 
= pneumatic handgrip system. Hydr = hydraulic handgrip system. 
Repeated measures analysis of variance: main effects (device and device x group), bold = significantly different *p<0.05 

 
Supplementary table 1B: mean differences grip work corrected for body weight 

  HOSP OLD 
  Pneu 

kPa*s/kg body weight 
Hydr 

kg*s/kg body weight 
Pneu 

kPa*s/kg body weight 
Hydr 

kg*s/kg body weight 
MA Men 1.1±0.2 1.3±0.2 0.5±0.1 0.6±0.1 

Women 1.1±0.2 1.1±0.2 0.5±0.1 0.8±0.2 
OLD Men 0.5±0.2 0.7±0.2 / / 

Women 0.6±0.2 0.7±0.3 / / 
Data represent mean differences± standard deviation. Y = healthy young adults (Y, aged 18-29 years). MA = middle-aged community-dwelling 
adults aged ≥30-65 years. OLD = older community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged ≥70 years. Pneu 
= pneumatic handgrip system. Hydr = hydraulic handgrip system. 
Repeated measures analysis of variance: main effects (device and device x group), bold = significantly different *p<0.05  

  HOSP OLD MA 
  Pneu (s) Hydr (s) Pneu (s) Hydr (s) Pneu (s) Hydr (s) 
Y Men 0.2±6.1 3.7±3.4 -16.3±3.2 -6.3±1.8 -15.9±2.7 -8.0±1.5 

Women -12.9±7.6 -2.0±3.9 -29.6±3.9 -8.7±2.0 -24.5±3.2 -11.7±1.6 
MA Men 16.1±6.3 11.7±3.5 -0.4±3.5 1.7±1.9 / / 

Women 11.6±7.7 9.7±4.0 -5.1±4.1 3.0±2.1 / / 
OLD Men 16.4±6.5 10.0±3.6 / / / / 

Women 16.7±8.0 6.7±4.2 / / / / 



Supplementary table 2: the relationship between the difference in FR between both systems and maximal GS, as well as for FR and 
maximal GS, separately for each system 
 
 Difference FR Pneu-Hydr (s) FR Pneu (s) FR Hydr (s) 
Maximal GS Pneu (kPa) -0.110*, p<0.001 -0.120*, p<0.001  
Maximal GS Hydr (kg) -0.113*, p<0.001  -0.023*, p=0.413 

Data represent partial correlation coefficients. Significantly correlation level was set *p<0.05. 
GS = grip strength. FR = fatigue resistance. Pneu = pneumatic handgrip system. Hydr = Hydraulic handgrip system. kPa = KiloPascal. Kg = 
kilograms. 
 

Supplementary table 3: the relationship between maximal grip strength and pain intensity during the FR test 
 
  Maximal GS Pneu 

(kPa) 
Maximal GS Hydr 

(kg) 
Difference FR Pneu-Hydr 

(s) 
No pain Highest pain intensity Pneu (n/10) -0.089, p=0.266  0.104, p=0.195 

Highest pain intensity Hydr (n/10)  -0.074, p=0.359 0.043, p=0.589 
Pain Pneu only Highest pain intensity Pneu (n/10) -0.115, p=0.215  0.025, p=0.785 
Pain Hydr only Highest pain intensity Hydr (n/10)  0.082, p=0.371 -0.104, p=0.258 

Data represent partial correlation coefficients. Significantly correlation level was set *p<0.05. 
GS = grip strength. FR = fatigue resistance. Pneu = pneumatic handgrip system. Hydr = Hydraulic handgrip system. kPa = KiloPascal. Kg = 
kilograms. 
  



Supplementary table 4: the likelihood to report pain after the FR test compared to young healthy persons 
 
 B SE OR 95% CI p-value 

LB UB 
MA -0.40 0.23 0.67 0.43 1.06 0.08 
OLD -1.54 0.32 0.21 0.11 0.40 <0.001 
HOSP 0.50 0.51 1.64 0.60 4.50 0.33 

ᵡ2 = 25.59, df = 3, N = 1327, p<0.001 
 
MA = middle-aged 30-65 years. OLD = community-dwelling adults aged >65 years. HOSP = hospitalized geriatric patients aged ≥70 years. B = 
exponent. SE = standard error. OR = odds ratio. 95% CI = 95% confidence interval. LB = lower bound. UB = upper bound. 
Mixed logistic regression. 
 


