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METHODS  

Quadriceps maximal voluntary contraction (QMVC) 

The subject sat on a modified chair with their knee fixed at 90 degrees. An 

inextensible strap connected the ankle of their dominant leg to a strain gauge. The 

signal from the strain gauge was amplified and passed to a computer running 

CHART software (Labchart version 7.1, PowerLab Analogue-Digital Converter, AD 

instruments, Oxfordshire, UK). The subject performed at least 3 sustained maximal 

isometric quadriceps contractions of between 5 and 10 seconds duration. Consistent 

traces within 5% of maximum were obtained. A gap of approximately 30 seconds 

was given between each contraction to allow time to recover. Vigorous 

encouragement was given and the force generated was visible online using the 

CHART software. The QMVC was taken as highest tension sustained for 1 second.  

Fat free mass measurement using bioelectrical impedance 

This technique uses the electrical impedance of body tissues to determine an 

estimate of total body water, as electricity is conducted by dissolved ions. A two-

compartment model is used which assumes that adipose tissue contains no water 

and that the FFM is of a particular percentage water. Single frequency, 50kHz, 

bioelectrical impedance values are incorporated into regression equations which 

include height, weight and gender to calculate fat free mass (FFM). 

 Mid-thigh Computed Tomography (CT) Cross-sectional area 

CT was performed on a 64-slice CT scanner (Siemens SOMATOM Sensation 64, 

Erlangen, Germany) with the patient in a supine position. A single section of the mid-

thigh at a predefined level was obtained using the following acquisition parameters: 

50mAs, 120kVp. The protocol was modified to deliver a reduced amount of radiation 

per scan. Images were viewed and CT cross-sectional areas calculated using Digital 
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Imaging Communications in Medicine viewing software (DicomWorks, version 

1.3;http://dicom.online.fr) at standard window settings for visualisation of soft tissues 

(centre 40 HU, window width 380 HU).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 

Ultrasound rectus femoris pennation angle and measurement distance 

Using values of rectus femoris pennation angle (RFPA), the angle at which these 

muscle fibres insert into the muscle aponeurosis, to derive ultrasound rectus femoris 

physiological cross-sectional area (USRFPCSA), the relationship between USRFPCSA 

and quadriceps strength (QMVC) was compared to that between anatomical 

USRFCSA alone and QMVC in a group of 31 healthy adults, 9 of whom were males, 

median (IQR) age 31 (24.5-37) years.  USRFCSA and USRFPCSA were measured at 
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both three fifths and two thirds distance from anterior superior iliac spine to the 

superior patellar border.  Correlations were determined using Pearson’s correlation 

coefficient and revealed no differences in relationship between anatomical (USRFCSA) 

and physiological (USRFPCSA) cross-sectional areas measured at either distance, and 

quadriceps strength, suggesting that pennation angle added no further value to the 

relationship between cross-sectional area and strength (online table S4). 

 

 

 

 

 

 

 

 

FIGURE LEGEND 

Online Figure S1:  Quadriceps strength (QMVC) versus ultrasound rectus femoris 

   cross-sectional area (USRFCSA) in COPD patients (Pearson  

   correlation; r=0.6, p<0.0001) 

Online Figure S2:  Quadriceps strength (QMVC) versus Impedance ratio in COPD 

   patients (Pearson correlation; r=−0.54, p<0.0001). 

Online Figure S3: Ultrasound rectus femoris cross-sectional area (USRFCSA) in 

 COPD patients and healthy controls separated by gender - 

 males (A) and females (B); (ANOVA - no significant difference 

 between stages I-IV). Cross bars represent SEM. 
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Online Figure S4:   Bland-Altman analysis comparing the rectus femoris cross-

 sectional area (RFCSA) measured by ultrasound on two 

 separate occasions (n=21). Mean (SD) bias - 0.06 (0.21) cm2 : 

 coefficient of repeatability 0.41cm2, Dotted line represents 95% 

 limits of agreement -0.47 to +0.36 cm2 , index of reliability 0.97. 

 Similar analysis was conducted for inter-observer variability 

 (n=10): mean (SD) bias 0.11 (0.29) cm2 : coefficient of 

 repeatability 0.57cm2, 95% limits of agreement -0.46 to +0.68 

 cm2, index of reliability 0.97. 

 

 

 

TABLES 

Online Table S1: Univariate correlates of USRFCSA in all COPD subjects 

    USRFCSA (r) p 

Age −0.20 0.01 
Gender   0.48 <0.0001 

FFMI   0.49 <0.0001 
FEV1 % pred   0.08 0.32 
TLco% pred   0.26 0.001 
RV/TLC ratio −0.22 0.006 

IC   0.44 <0.0001 
QMVC   0.60 <0.0001 

Impedance ratio −0.53 <0.0001 
PAL   0.20 <0.05 

Steps    0.30 0.002 
   

Abbreviations:  QMVC - quadriceps maximum voluntary contraction; USRFCSA - 

ultrasound rectus femoris cross-sectional area; FEV1 - forced expiratory volume in 1 
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second; RV – residual volume; TLC – total lung capacity; IC – inspiratory capacity; 

TLco – carbon monoxide diffusing capacity; FFMI - fat free mass index; PAL – 

physical activity level;  r and p values derived from Pearson’s correlation coefficient.  

 

 

 

 

 

 

 

 

Online Table S2: Univariate correlates of USRFCSA in stage I COPD subjects 

    USRFCSA (r)  p 

Age −0.33 0.04 
Gender   0.50   0.001 

FFMI   0.43   0.007 
FEV1 % pred   0.07 0.70 
TLco% pred   0.38 0.03 
RV/TLC ratio −0.42 0.01 

IC   0.41 0.02 
QMVC   0.63   <0.0001 

Impedance ratio −0.64   <0.0001 
PAL   0.70   <0.0001 

Steps    0.53   0.002 
 

Abbreviations:  QMVC - quadriceps maximum voluntary contraction; USRFCSA - 

ultrasound rectus femoris cross-sectional area; FEV1 - forced expiratory volume in 1 

second; RV – residual volume; TLC – total lung capacity; IC – inspiratory capacity; 
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TLco – carbon monoxide diffusing capacity; FFMI - fat free mass index; PAL – 

physical activity level. r and p values derived from Pearson’s correlation coefficient.    

 

 

 

 

 

 

 

 

 

Online Table S3: Univariate correlates of physical activity in stages II-IV COPD 

  Steps (r) p  PAL (r) p 

Age  −0.12 0.25 −0.08  0.46 
Gender   0.18 0.10   0.14  0.18 

FFMI   0.19 0.07   0.10  0.40 
USRFCSA   0.24 0.02   0.05  0.70 

FEV1% pred   0.57   <0.0001   0.21 <0.05 
TLco% pred   0.54   <0.0001   0.07   0.50 
RV/TLC ratio −0.53   <0.0001 −0.23   0.03 

IC   0.27 0.01   0.01   0.92 
QMVC   0.22 0.04   0.02   0.82 

Impedance ratio −0.27 0.01 −0.12   0.30 
 

Abbreviations:  QMVC - quadriceps maximum voluntary contraction; USRFCSA - 

ultrasound rectus femoris cross-sectional area; FEV1 - forced expiratory volume in 1 

second; RV – residual volume; TLC – total lung capacity; IC – inspiratory capacity; 

TLco – carbon monoxide diffusing capacity; FFMI - fat free mass index; PAL – 

physical activity level. r and p values derived from Pearson’s correlation coefficient. 
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Using regression analysis, RV/TLC ratio was retained over FEV1% predicted as the 

only independent predictor of physical activity level in stage II-IV COPD patients 

(p=0.03). FEV1% predicted and TLco% predicted were independent predictors of 

step count (p<0.0001). 

 

 

 

 

 

Online Table S4:  Relationship between rectus femoris anatomical cross-sectional 

area (RFCSA) and rectus femoris physiological cross-sectional area (RFPCSA) with 

quadriceps strength 

 r p 

3/5 USRFCSA + QMVC 0.7 0.001 
3/5 USRFPCSA + QMVC 0.7 0.001 
2/3 USRFCSA + QMVC 0.6 0.002 
2/3 USRFPCSA + QMVC 0.6 0.002 

 
 

Abbreviations:  QMVC - quadriceps maximum voluntary contraction; USRFCSA - 

ultrasound rectus femoris cross-sectional area; USRFPCSA - rectus femoris 

physiological cross sectional area; 3/5 - measurements performed at three fifths 

distance between anterior superior iliac spine and superior patellar border; 2/3 - 

measurements performed at two thirds distance.  r and p values derived from 

Pearson’s correlation coefficient.    
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Online Table S5:  Univariate correlates of the impedance ratio in COPD patients.  

  r p 

Age   0.37 <0.0001 
Gender   0.34 <0.0001 
QMVC −0.54 <0.0001 

USRFCSA −0.53 <0.0001 
FEV1% pred −0.32   0.0001 

FFMI −0.48 <0.0001 
Steps −0.35   0.0001 
PAL −0.27 0.003 

 

Abbreviations:  QMVC - quadriceps maximum voluntary contraction; USRFCSA - 

ultrasound rectus femoris cross-sectional area; FEV1 - forced expiratory volume in 1 

second; FFMI - fat free mass index; PAL – physical activity level.  r and p values 

derived from Pearson’s correlation coefficient. 

 

 

 

 


