
INTRODUCTION

Muscle weakness is an independent risk factor for 
morbidity and mortality [1,2], and is an important con-

tributor to long-term physical impairments [3]. It is well 
known that long-term hospitalization due to medical or 
surgical conditions can result in detrimental physiologi-
cal effects on muscle strength and physical activity; this 
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Objective  To investigate the reliability of knee extensor strength measurements using a supine hand-held 
dynamometer (HHD) anchoring frame in patients with limited physical activity. Although an HHD is suitable for 
bedside use, its inter-rater reliability is low because measurements can be influenced by tester strength.
Methods  Maximal knee extensor isometric strength was measured using an HHD anchored to the supine frame. 
Three trials of three maximal contractions were assessed by two raters.
Results  A total of 33 inpatients who were non-ambulatory due to acute illness participated in the study. The 
intraclass correlation coefficients were 0.974 (inter-rater) and 0.959 (intra-rater). The minimal detectable changes 
in intra- and inter-observer measurements were 29.46 N (24.10%) and 36.73 N (29.26%), respectively. The limits 
of agreement ranged from -19.79% to 24.81% for intra-rater agreement and from -21.45% to 37.07% for inter-rater 
agreement.
Conclusion  The portable dynamometer anchoring system can measure the isometric strength of the knee 
extensor reliably in the supine position, and could be used for measurements in patients who have difficulty 
visiting the laboratory and maintaining a seated posture.
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functional decline can lead to further inactivity, thus en-
tering a vicious cycle [4]. 

Assessment of muscle strength is important for evalu-
ating the outcomes of clinical interventions in order to 
break this vicious cycle. The manual muscle test (MMT), 
which uses the Medical Research Council (MRC) grading 
system, is the most common method of muscle strength 
measurement in busy clinical settings. However, the 
MMT is prone to error and only poorly able to distinguish 
subtle differences, as it relies on an examiner’s judgment 
[5]. In particular, the inter-rater reliability of the MMT is 
not sufficient for distinguishing between grades 4 and 5 
muscle strength [6]. 

The isokinetic dynamometer (IKD) is considered the 
gold standard for muscle strength testing. However, it 
is a large tool with limited portability [7]; thus, patients 
are required to visit the laboratory to undergo measure-
ments. As a result, it is impractical for use in patients who 
cannot ambulate independently or in those who have 
several monitoring devices or drains.

The hand-held dynamometer (HHD) is a portable de-
vice that provides a quantified measurement of strength. 
Compared with an IKD, its convenience, small size, and 
low cost make it more suitable for bedside use [7]. How-
ever, the inter-rater reliability is low because the mea-
surements can vary depending on tester strength [8]. To 
increase reliability, recent studies have attempted to affix 
an HHD to a frame rather than having it held by the ex-
aminer [9-12]. 

Recently, Sung et al. [13] suggested the use of a portable 
dynamometer anchoring system that can measure knee 
extensor strength in the supine position, and confirmed 
its reliability and validity in 39 healthy people. This sys-
tem can be appropriately applied to cases where it is 
difficult to move the patients to the laboratory or for pa-
tients who have difficulty maintaining a sitting position 
during the test, since the system can measure strength 
in the supine position. The aim of the present study was 
to investigate the reliability of knee extensor strength 
measurement using a supine HHD anchoring frame for 
patients with limited physical activity.

MATERIALS AND METHODS

Subjects 
Patients who were non-ambulatory due to long-term 

immobilization or neurologic conditions, and older than 
18 years of age were enrolled. Patients were excluded if 
they had a history of traumatic spinal or lower extrem-
ity injury within the past 6 months, an inserted femoral 
catheter, or were unable to give consent and understand 
the procedures of the experiment. The Institutional 
Review Board of Seoul National University Hospital ap-
proved the study and signed (No. 1804-077-936), written 
informed consent forms were obtained. The participants 
were informed of the study purpose and procedures prior 
to enrollment.

Portable dynamometer anchoring system 
The portable dynamometer anchoring system con-

sisted of an HHD attached to a custom-designed portable 
mechanical frame (Fig. 1). The frame bar perpendicular 
to the tibia was designed to move up and down, accord-
ing to leg thickness. The other two frame bars, which 
were designed to move back and forth depending on leg 
length, were fixed by hand knob tightening screws. The 
frame was designed at an angle of 145° to flex the knee at 
35°. The angle of 35° was chosen keeping in mind previ-
ous study results, which reported that high-level surface 
electromyography activity was observed when the knee 

Fig. 1. Portable dynamometer anchoring system in a 
supine position. A, the frame can be moved to adjust 
the hand-held dynamometer (HHD) depending on leg 
thickness; B, the frame can be moved to adjust the HHD 
depending on leg length; C, belts that fix the frame to the 
bed; D, Velcro strap to fix the patient’s thigh to minimize 
hip flexion movement; and E, the frame was designed at 
an angle of 145° to flex the knee to 35°.
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joint was flexed at 35° [14]. Studies measuring knee exten-
sor strength with the knee joint flexed at 35° in the HHD 
test showed good reliability [9,13,15]. Four U-shaped 
rings were placed on the corners of the frame to connect 
the belts for fixing the device to the bed. The thighs of the 
participants can be fixed using a Velcro strap to minimize 
hip flexion movement [13].

Isometric knee extension strength was assessed with a 
microFET IITM (Hoggan Health Industries, Draper, UT, 
USA), which is a battery-operated load cell system with a 
digital reading of peak force ranging from 12.1 N to 1,334.5 
N, in 0.4 N increments. The HHD was placed 5 cm above 
the upper margin of the lateral malleolus [13].

Measurement procedure
During the measurement, the subject was in the supine 

position with their arms lightly positioned on their chest. 
The examiner adjusted the position of the HHD depend-
ing on leg length and thickness. Before the measurement, 
the subjects performed knee extension of the dominant 
leg several times to become familiar with the device. The 
measurements consisted of three total sessions consist-
ing of three 5-second maximal isometric contractions of 
the dominant knee extensors, in each trial [13].

The measurements were evaluated by two physiothera-
pists acting as examiners. The first and second sessions 
were evaluated by one rater, while the third was evaluat-
ed by the other rater. The order of the raters was random-
ized. The interval between sessions was 30 minutes, and 
the interval between test repetitions was 30 seconds (Fig. 
2). 

The measurement began with a recorded sound 
(“kick”). When a subject extended their knee, the exam-
iner pressed down on both the anterior superior iliac 
spine regions of the pelvis to prevent pelvic rotation. 
Participants were instructed to inform the examiner of 
any pain or discomfort during the test, and the test was 
allowed to be stopped at any time, on request [13]. Par-

ticipants were not provided encouragement during the 
test or given knowledge of their results between trials.

After the measurements were taken, one investigator 
assessed the MRC sum score and the de Morton Mobility 
Index to evaluate the functional status of the subject. 

Statistical analyses
The normality of the data was checked using the Kol-

mogorov-Smirnov test. To evaluate relative reliability, 
a two-way random effect model of the intraclass cor-
relation coefficient (ICC) was used for the estimation 
of intra- and inter-rater reliabilities [16]. The ICCs were 
interpreted according to the following guidelines: based 
on the 95% confidence interval of the ICC, values less 
than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and 
greater than 0.9 were indicative of poor, moderate, good, 
and excellent reliability, respectively [17]. 

To ensure absolute reliability, several parameters were 
calculated according to the COnsensus-based Standards 
for the selection of health Measurement INstruments 
(COSMIN) quality assessment [18]. The standard error of 
mean (SEM) was calculated using the following formula: 
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tion [19]. Minimal detectable change (MDC) was calcu-

lated using the following formula: 
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where z = 1.96 (based on 95% confidence) [20]. SEM and 
MDC were expressed in absolute strength units (in New-
ton) and relative (in percentage) to the mean strength 
values, as measured by the two raters.  

The 95% limits of agreement (LoA) were calculated as 
the difference against the mean plot, 
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as proposed by Bland and Altman [21]. In the Bland-
Altman plot system, the differences were also ex-
pressed as percentages of the values on the axis [21]: 

)(

))((

 











 
. The Bland-Altman plots graphically 

display the between-measurement differences, thereby 
allowing direct insight into the variability of the measure-
ments under study [22].

1st session 2nd session

3rd session

Push Push Push Push Push Push30 sec 30 sec 30 sec 30 sec 30 min30 min

Knee extension, rater 1 Knee extension, rater 1

Push Push Push30 sec 30 sec

Knee extension, rater 2

Fig. 2. Procedure of measuring 
the strength of the knee extensor.
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A repeated-measures ANOVA was conducted to test 
for learning and fatigue effects with the three maximal 
isometric knee extension strength measurements of each 
session [23]. All statistical analyses were performed using 
SPSS version 23 for Windows (IBM, Armonk, NY, USA).

RESULTS

A total of 40 patients were initially included in the study. 
Of them, 6 refused to undergo the test due to fatigue, and 
one patient dropped out due to knee pain during the test. 
A total of 33 patients were analyzed, among them 18 men 
and 15 women (median age, 75.0 years; interquartile 
range, 60.5–89.5). The demographics and characteristics 

of the patients are presented in Table 1. All subjects were 
non-ambulatory, 15 of whom were unable to sit unsup-
ported in a chair. 

Table 2 shows the maximal isometric knee extension 
strength values. The relative reliability of the anchoring 
system using an HHD, including the ICCs and 95% CIs, 
was excellent for the intra- and inter-observer measure-
ments. The MDCs of the intra- and inter-observer mea-
surements were 29.46 N (24.10%) and 36.73 N (29.26%), 
respectively (Table 3). 

The average difference between the two sessions per-
formed by the first rater for intra-observer measurements 
was 3.31 N (2.51%), and the LoA ranged from -26.15 to 
32.77 N (-19.79% to 24.81%). The average difference be-
tween the first and second raters for inter-observer mea-
surements was 9.84 N (7.81%), and the LoA ranged from 
-26.89 to 46.57 N (-21.45% to 37.07%). The distributions 
are represented in the Bland-Altman plot (Fig. 3).

The ANOVA test for repeated measures yielded no sig-
nificant changes (p=0.924) among the three sessions, in-
dicating that there were no learning effects from the first 
to the third measurements in a session.

DISCUSSION

The present study evaluated the reliability of the porta-
ble dynamometer anchoring system in patients with lim-
ited physical activity. This system showed excellent intra- 
and inter-rater reliabilities for maximal isometric knee 

Table 1. Demographics and characteristics of patients

Characteristic Value
Age (yr) 75.0 (60.5–89.5)

Sex, male 18 (54.55)

Height (cm) 162.87±7.65

Weight (kg) 55.62±10.34

ICU survivors 15 (45.45)

Days of stay in hospital 17.0 (0.5–33.5)

MRC sum score 37.82±5.54

MRC grade of the dominant knee  
extensor

3.0 (2.0–4.0)

DEMMI 20.94±10.67

Main causes of hospitalization  

   Cardiovascular disease 9 (27.27)

   Respiratory disease 8 (24.24)

   Neurologic disease 8 (24.24)

   Gastrointestinal disease 3 (9.09)

   Malignancy 2 (6.06)

   Connective tissue disease 2 (6.06)

   Immunologic disease 1 (3.03)

Values are presented as median (interquartile range) or 
number (%) or mean±standard deviation.
ICU, intensive care unit; MRC, Medical Research Coun-
cil; DEMMI, de Morton Mobility Index.

Table 2. Maximal isometric knee extension strength val-
ues using a portable dynamometer anchoring system 
(n=33)

Measurement Value (N)
First session - rater 1 120.61±65.24 (15.5–325.6)

Second session - rater 1 123.91±67.55 (21.8–328.7)

Third session - rater 2 130.45±66.29 (14.6–339.0)

Values are presented as mean±standard deviation (range).
N, Newton.

Table 3. Reliability of the portable dynamometer anchoring system

ICC (95% CI) SEM (N) MDC (N)
Intra-rater 0.974 (0.948–0.987) 10.63 (8.69%) 29.46 (24.10%)

Inter-rater 0.959 (0.917–0.980) 13.25 (10.56%) 36.73 (29.26%)

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of measurement; MDC, minimal 
detectable change; N, Newton.
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extensor strength measurements, and the relative reli-
ability calculated by ICC was excellent (intra-rater=0.974, 
inter-rater=0.959). These results are similar to those of 
previous HHD studies. Lu et al. [10] reported excellent 
ICCs for the intra- and inter-rater reliabilities of knee 
extensor strength measurements (intra-rater=0.91–0.94, 
inter-rater=0.98) using a fixation structure in the sitting 
position. In the study by Jackson et al. [24] that used a 
portable stabilization device in the sitting position, the 
ICC for intra-rater reliability of knee extensor strength 
measurements was 0.93. However, these studies mea-
sured the knee extensor strength in healthy adults in the 
sitting position, which is difficult to replicate in severely 
deconditioned patients who are unable to balance and 
kick in that position.

A few studies that used fixation devices have reported 
the reliability of HHD for measuring knee extensor 
strength in a clinical population. In the study by Ko-
blbauer et al. [11], patients awaiting total knee arthro-
plasty were assessed in the sitting position; in this study, 
the HHD was modified with straps to support the device. 
The MDCs for intra- and inter-rater reliabilities were 
19.0%–31.4% and 21.7%, respectively. In a study by Ga-
gnon et al. [12], the MDC for inter-rater reliability was 
23.84%–36.50% in patients who had undergone hip or 
knee arthroplasty; in this study, a chair-fixed dynamom-
eter system was developed and used. The HHD was 
mounted on a rigid support, which was able to move 
along a shaft fixed to a chair. 

Several studies have reported the reliability of an IKD 

for measuring knee extensor strength in a clinical popu-
lation. In the study by Kean et al. [25], the MDC for inter-
rater reliability using an IKD in patients with knee osteo-
arthritis was 17.73%. Another IKD study in post-stroke 
patients reported an intra-rater MDC of 25.34% [26]. In 
their study of chronic obstructive pulmonary disorder 
(COPD) patients, Machado et al. [27] found the MDC to 
be 22.05% in IKD measurements. 

Few studies have examined knee extensor strength us-
ing an HHD in intensive care unit (ICU) patients, who 
should undergo measurements while in bed. Baldwin 
et al. [28] reported an MDC of 47.3% for intra-rater reli-
ability using an HHD in ICU patients without the use of 
a fixation device. Rousseau et al. [29] designed a highly 
standardized dynamometer for measuring knee extensor 
strength in ICU patients in the supine position. The MDC 
in that study was 17.13%–27.33%. Although the MDC was 
comparable, the highly standardized dynamometry de-
veloped therein seems difficult to install, making it less 
convenient to use.

The MDC is a decision limit from a change in variability 
or measurement error. In this study, the MDCs were 29.46 
N (24.10%) for intra-rater reliability and 36.73 N (29.26%) 
for inter-rater reliability. The MDC percentage values re-
ported in the current study were lower than those report-
ed in previous studies using the HHD anchoring frame, 
and comparable to those using an IKD. We infer that the 
reasons for this are as follows. First, the supine position 
may have affected the results. The supine measurement 
technique was found to be stable for the subjects because 
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it was easier for them to maintain the testing position, 
compared with the sitting posture [15]. Second, when the 
patients were kicking the dynamometer, the examiner 
pressed both sides of the anterior superior iliac spine to 
prevent compensatory rotation of the pelvis. This stabi-
lization technique cannot be performed in a sitting posi-
tion. Third, the frame was fixed to the patient’s bed using 
a non-elastic belt (Fig. 1). The belts were inserted into 
the four U-shaped rings on the frame and pulled towards 
the bed to fix the frame, thus minimizing shaking during 
kicking.

The system developed in this study can only measure 
knee extensor strength. In deconditioned patients, lower 
limb weakness is more severe than trunk weakness [30]. 
Specifically, since muscle atrophy is pronounced in knee 
extensor muscles, the knee extensor strength has been 
evaluated as an indicator of deconditioning in patients 
on bed rest [31]. In addition, knee extensors are essential 
for walking and reflect functional states well [32]. There-
fore, knee extensor strength assessment can be consid-
ered as a parameter for surveilling muscle weakness and 
functional outcomes in severely deconditioned patients 
due to acute illness. 

Seymour et al. [33] reported that the quadriceps cross-
sectional area estimated by ultrasonography was related 
to strength in COPD patients, while Grimm et al. [34] 
suggested that muscle ultrasound could be useful for 
screening critical illness neuromyopathy. However, it has 
been reported that estimating muscle volume is not use-
ful for predicting functional outcomes [34]. Direct muscle 
strength measurement, as in this study, might be more 
likely to predict a functional outcome than the evaluation 
of muscle function indirectly through imaging studies. 
For example, the knee extensor strength measurement 
method presented in this study could be used for rehabil-
itation of patients in the ICU. This system can be simply 
installed on a bed using only four ropes, in about 10 min-
utes, and the test can be completed in less than 5 min-
utes. This HHD anchoring system is suitable for bedside 
measurement of knee extensor strength. In future stud-
ies, it may be possible to investigate how muscle strength 
directly measured in deconditioned patients is associated 
with functional recovery after treatment for acute illness.

The current study has several limitations. First, although 
the participants of this study had similar limitations in 
physical function, such as walking and maintaining sit-

ting posture, they were from diverse disease groups. The 
reliability of measuring muscle strength using the supine 
HHD anchoring frame may differ with different disease 
groups. Second, the participants in this study used air 
mattresses to prevent pressure ulcer formation related to 
their limited mobility. In this study, the frame was placed 
on the mattress and the muscle strength was measured; 
thus, the measurement could have been affected. How-
ever, it would be difficult to remove the air mattresses to 
measure leg strength in actual clinical situations. Finally, 
bias from the two examiners could not be completely 
eliminated because the examiners were not blinded to 
the test results. However, since the examiner could not 
control the dynamometer, which was attached to the por-
table dynamometer anchoring system, and could only 
press down on the anterior superior iliac spine regions of 
the pelvis to prevent pelvic rotation during the measure-
ments, we believe that there was little chance of bias.

In conclusion, the portable dynamometer anchoring 
system designed in this study can measure the isometric 
strength of the knee extensor reliably in the supine posi-
tion; therefore, it can measure the strength in patients 
with limited physical activity who have difficulties in 
moving to the laboratory and in maintaining a sitting 
posture for the measurement.

CONFLICT OF INTEREST

No potential conflict of interest relevant to this article 
was reported.

ACKKNOWLEDGMENTS

This work was funded by the Korea Workers’ Compen-
sation and Welfare Service.

AUTHOR CONTRIBUTION

Conceptualization: Shin HI. Methodology: Lee MY, 
Sung KS, Ham H, Yi YG, Shin HI. Formal analysis: Lee 
MY, Yi YG. Funding acquisition: Shin HI. Project admin-
istration: Lee MY, Yi YG. Visualization: Lee MY, Sung KS. 
Writing – original draft: Lee MY, Sung KS, Yi YG. Writing 
– review and editing: Lee MY, Shin HI. Approval of final 
manuscript: all authors.



Min-Yong Lee, et al.

508 www.e-arm.org

REFERENCES

1. Vanpee G, Hermans G, Segers J, Gosselink R. Assess-
ment of limb muscle strength in critically ill patients: 
a systematic review. Crit Care Med 2014;42:701-11.

2. Newman AB, Kupelian V, Visser M, Simonsick EM, 
Goodpaster BH, Kritchevsky SB, et al. Strength, but 
not muscle mass, is associated with mortality in the 
health, aging and body composition study cohort. J 
Gerontol A Biol Sci Med Sci 2006;61:72-7.

3. Herridge MS, Tansey CM, Matte A, Tomlinson G, Di-
az-Granados N, Cooper A, et al. Functional disability 
5 years after acute respiratory distress syndrome. N 
Engl J Med 2011;364:1293-304.

4. Durstine JL, Painter P, Franklin BA, Morgan D, Pitetti 
KH, Roberts SO. Physical activity for the chronically ill 
and disabled. Sports Med 2000;30:207-19.

5. Bohannon RW. Manual muscle testing: does it meet 
the standards of an adequate screening test? Clin Re-
habil 2005;19:662-7.

6. Hermans G, Gosselink R. Should we abandon man-
ual muscle strength testing in the ICU? Crit Care 
2011;15:127.

7. Stark T, Walker B, Phillips JK, Fejer R, Beck R. Hand-
held dynamometry correlation with the gold standard 
isokinetic dynamometry: a systematic review. PM R 
2011;3:472-9.

8. Kolber MJ, Cleland JA. Strength testing using hand-
held dynamometry. Phys Ther Rev 2005;10:99-112.

9. Kim WK, Kim DK, Seo KM, Kang SH. Reliability and 
validity of isometric knee extensor strength test with 
hand-held dynamometer depending on its fixation: a 
pilot study. Ann Rehabil Med 2014;38:84-93.

10. Lu TW, Chien HL, Chang LY, Hsu HC. Enhancing the 
examiner’s resisting force improves the validity of 
manual muscle strength measurements: application 
to knee extensors and flexors. J Strength Cond Res 
2012;26:2364-71.

11. Koblbauer IF, Lambrecht Y, van der Hulst ML, Neeter 
C, Engelbert RH, Poolman RW, et al. Reliability of 
maximal isometric knee strength testing with modi-
fied hand-held dynamometry in patients awaiting 
total knee arthroplasty: useful in research and indi-
vidual patient settings? A reliability study. BMC Mus-
culoskelet Disord 2011;12:249.

12. Gagnon D, Nadeau S, Gravel D, Robert J, Belanger D, 

Hilsenrath M. Reliability and validity of static knee 
strength measurements obtained with a chair-fixed 
dynamometer in subjects with hip or knee arthroplas-
ty. Arch Phys Med Rehabil 2005;86:1998-2008.

13. Sung KS, Yi YG, Shin HI. Reliability and validity of 
knee extensor strength measurements using a por-
table dynamometer anchoring system in a supine po-
sition. BMC Musculoskelet Disord 2019;20:320.

14. Babault N, Pousson M, Michaut A, Van Hoecke J. Ef-
fect of quadriceps femoris muscle length on neural 
activation during isometric and concentric contrac-
tions. J Appl Physiol (1985) 2003;94:983-90.

15. Martin HJ, Yule V, Syddall HE, Dennison EM, Cooper 
C, Aihie Sayer A. Is hand-held dynamometry useful 
for the measurement of quadriceps strength in older 
people?: a comparison with the gold standard Bodex 
dynamometry. Gerontology 2006;52:154-9.

16. Weir JP. Quantifying test-retest reliability using the in-
traclass correlation coefficient and the SEM. J Strength 
Cond Res 2005;19:231-40.

17. Koo TK, Li MY. A guideline of selecting and reporting 
intraclass correlation coefficients for reliability re-
search. J Chiropr Med 2016;15:155-63.

18. Terwee CB, Mokkink LB, Knol DL, Ostelo RW, Bouter 
LM, de Vet HC. Rating the methodological quality in 
systematic reviews of studies on measurement prop-
erties: a scoring system for the COSMIN checklist. 
Qual Life Res 2012;21:651-7.

19. Denegar CR, Ball DW. Assessing reliability and preci-
sion of measurement: an introduction to intraclass 
correlation and standard error of measurement. J 
Sport Rehabil 1993;2:35-42.

20. Portney LG, Watkins MP. Foundations of clinical re-
search: application to practice. 3rd ed. Upper Saddle 
River, NJ: Pearson/Prentice Hall; 2009.

21. Ludbrook J. Confidence in Altman-Bland plots: a 
critical review of the method of differences. Clin Exp 
Pharmacol Physiol 2010;37:143-9.

22. Giavarina D. Understanding Bland Altman analysis. 
Biochem Med (Zagreb) 2015;25:141-51.

23. Knols RH, Aufdemkampe G, de Bruin ED, Uebelhart D, 
Aaronson NK. Hand-held dynamometry in patients 
with haematological malignancies: measurement 
error in the clinical assessment of knee extension 
strength. BMC Musculoskelet Disord 2009;10:31.

24. Jackson SM, Cheng MS, Smith AR Jr, Kolber MJ. In-



Knee Extensor Strength Measurement Using a Supine Dynamometer Anchoring Frame

509www.e-arm.org

trarater reliability of hand held dynamometry in 
measuring lower extremity isometric strength using a 
portable stabilization device. Musculoskelet Sci Pract 
2017;27:137-41.

25. Kean CO, Birmingham TB, Garland SJ, Bryant DM, 
Giffin JR. Minimal detectable change in quadriceps 
strength and voluntary muscle activation in patients 
with knee osteoarthritis. Arch Phys Med Rehabil 
2010;91:1447-51.

26. Noorizadeh Dehkordi S, Talebian S, Olyaei G, Montaz-
eri A. Reliability of isokinetic normalized peak torque 
assessments for knee muscles in post-stroke hemipa-
resis. Gait Posture 2008;27:715-8.

27. Machado Rodrigues F, Demeyer H, Hornikx M, Ca-
millo CA, Calik-Kutukcu E, Burtin C, et al. Validity and 
reliability of strain gauge measurement of volitional 
quadriceps force in patients with COPD. Chron Respir 
Dis 2017;14:289-97.

28. Baldwin CE, Paratz JD, Bersten AD. Muscle strength 
assessment in critically ill patients with handheld dy-
namometry: an investigation of reliability, minimal 
detectable change, and time to peak force generation. 
J Crit Care 2013;28:77-86.

29. Rousseau AF, Kellens I, Freycenon G, Dardenne N, 

Bruyere O, Damas P, et al. Highly standardized quad-
riceps dynamometry of critically ill adults at bedside: 
a step towards individualized rehabilitation. Acta An-
aesth Belg 2018;69:159-64.

30. LeBlanc AD, Schneider VS, Evans HJ, Pientok C, Rowe 
R, Spector E. Regional changes in muscle mass fol-
lowing 17 weeks of bed rest. J Appl Physiol (1985) 
1992;73:2172-8.

31. Mulder ER, Stegeman DF, Gerrits KH, Paalman MI, 
Rittweger J, Felsenberg D, et al. Strength, size and 
activation of knee extensors followed during 8 weeks 
of horizontal bed rest and the influence of a counter-
measure. Eur J Appl Physiol 2006;97:706-15.

32. Moxley Scarborough D, Krebs DE, Harris BA. Quadri-
ceps muscle strength and dynamic stability in elderly 
persons. Gait Posture 1999;10:10-20.

33. Seymour JM, Ward K, Sidhu PS, Puthucheary Z, Steier 
J, Jolley CJ, et al. Ultrasound measurement of rectus 
femoris cross-sectional area and the relationship with 
quadriceps strength in COPD. Thorax 2009;64:418-23.

34. Grimm A, Teschner U, Porzelius C, Ludewig K, Zielske 
J, Witte OW, et al. Muscle ultrasound for early assess-
ment of critical illness neuromyopathy in severe sep-
sis. Crit Care 2013;17:R227.




