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Running page heading: Validity and reliability of 3DUS measurement of muscle in children 

with CP 

Abstract 

This study assessed the validity, intra-rater and inter-rater reliability of segmentation of in 

vivo medial gastrocnemius (MG), lateral gastrocnemius (LG) and soleus (SOL) muscle 

volume measurement using a single sweep freehand 3D ultrasound (3DUS) in children with 

cerebral palsy (CP). The MG, LG and SOL of both limbs of 18 children with CP (age 

8y4m±1y10m, 11 males, unilateral CP = 9, bilateral CP = 9, Gross Motor Functional 

Classification System I=11, II=7) were scanned using freehand 3DUS and magnetic 

resonance imaging (MRI). All freehand 3DUS and MRI images were segmented and volumes 

rendered by two raters. Validity was assessed using limits of agreement method. Intra-rater 

and inter-rater reliability was assessed using intraclass correlation (ICC), coefficient of 

variance (CV), and minimal detectable change (MDC) . Freehand 3DUS overestimated 

muscle volume of the MG and LG by less than 0.3ml (1%) and underestimated SOL by less 

than 1.3ml (1.5%) compared to MRI. ICCs for intra-rater reliability of the segmentation 

process for the freehand 3DUS system and MRI for muscle volume were both greater than 

0.98 and 0.99, respectively for all muscles. ICCs for inter-rater reliability of the segmentation 

process for freehand 3DUS and MRI volumes were greater than 0.96 and 0.98, respectively 

for all muscles. MDCs for single rater  

freehand 3DUS and MRI were less than 4.0ml (14%) and 3.2ml (11%), respectively in all 

muscles. Freehand 3DUS is a valid and reliable method for the measurement of lower leg 

muscle volume that can be measured with a single sweep in children with CP in vivo.  It 

could be used as an alternative to MRI for the detection of clinically relevant changes in calf 

muscle volume as the result of growth and interventions. 
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Introduction 

In vivo muscle volume measures provide an indication of its force generating capacity 

(Fukunaga et al. 2001; Reeves et al. 2004b) and can be used to observe changes due to 

specific training interventions or treatments (Reeves et al. 2004a; Barber et al. 2013). 

Magnetic resonance imaging (MRI) is considered the ‘gold standard’ for in vivo 

measurement of muscle volume (Mitsiopoulos et al. 1998; Holzbaur et al. 2007) however 

freehand 3D ultrasound (3DUS) methods have also been utilised in adult and child lower 

limb muscles (Barber et al. 2012; Malaiya et al. 2007). Freehand 3DUS involves combining 

B-mode ultrasound scanning and 3D motion analysis to provide in vivo measurement of 

tissue structures (Prager et al. 2010; Cenni et al. 2016).  A stack of 2D B-mode images is 

created by recording consecutive ultrasound scans while simultaneously tracking the position 

and orientation of the ultrasound transducer using 3D motion analysis (Treece et al. 1999b). 

Coordinate transformations are used to map the individual B-mode images into space and a 

3D rendering of the tissue of interest can be constructed for morphological measurement 

purposes (Gee et al. 2004). Validation of freehand 3DUS for in vivo muscle volume 

measurement compared to MRI has shown accurate assessment of adult medial 

gastrocnemius (MG) whole muscle volume (Barber et al. 2009) and semitendinosus, 

quadriceps and rectus femoris muscle volume sections (MacGillivray et al. 2009; 

Haberfehlner et al. 2016).  

 

Freehand 3DUS systems have been used to make direct volume measures of the small lower 

leg muscles of typically developing children and children with spastic type cerebral palsy 

(CP) (Barber et al. 2016; Barber et al. 2011c; Fry et al. 2004; Malaiya et al. 2007). This has 

enabled researchers to evaluate the muscle morphological differences between the two 

populations and assess changes after lower limb intramuscular botulinum toxin type-A, 

surgery and over time (Barber et al. 2013; Fry et al. 2007). Despite the continued use of 

freehand 3DUS for the determination of in vivo muscle volume in children with CP, no 

validation has been reported. The current clinimetric properties of freehand 3DUS cannot 

necessarily be applied to in vivo measurements of the lower leg muscles of children with CP 

due to the small size of the muscles (9-47ml in preschool children), variation in muscle 

boundaries and tissue quality (Barber et al. 2013; Handsfield et al. 2016; Pitcher et al. 2014; 

Obst et al. 2017) which may impact muscle volume measurement accuracy and reliability of 

the segmentation process compared to MRI.  
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The purpose of this study was to assess (1) concurrent validity and (2) intra-rater and inter-

rater segmentation reliability of the measurement of MG, LG and SOL muscle volume in 

vivo using a freehand 3DUS system compared to the gold standard MRI. We hypothesised 

that freehand 3DUS to determine MG, LG and SOL muscle volume (1) would be a valid 

method compared to MRI, and (2) would have equivalent intra-rater and inter-rater 

segmentation reliability to MRI. 

 

Methods 

Eighteen ambulant children with CP (mean±SD age 8y6m±1y7m, 11 males, unilateral CP = 

9, bilateral CP = 9, Gross Motor Functional Classification System [GMFCS] I=11, II=7, 

III=I), participated in the study. All participants were recruited through the Department of 

Paediatric Rehabilitation, Princess Margaret Hospital, Subiaco, Australia, and tested within 

the Department of Paediatric Rehabilitation and Diagnostic Imaging, Princess Margaret 

Hospital, Subiaco, Australia, from  November, 2015 – January, 2017. Potential participants 

were excluded from the study if they were unable to complete an MRI scan or a freehand 

3DUS scan. 17 children had received previous lower leg intramuscular injection botulinum 

toxin Type-A treatment, mean±SD 6.2±5.4 treatments. No children had received previous 

lower limb orthopaedic surgery. The study was approved by the institutional human research 

ethics committee (HREC 2014033EP, HREC 2014001291) and was performed in accordance 

with the Declaration of Helsinki. 

Participants 

 

Axial single spin-echo T1-weighted MRI was acquired bilaterally from the level of the ankle 

malleoli to proximal to the femoral epicondyles while participants (non-sedated) lay prone, 

with hips, knees and ankles at rest and supported by foam blocks as required, in a 1.5T whole 

body magnetic resonance unit (Magnetom Sonata Maestro Class, Seimens Medical Solutions, 

Erlangen, Germany), using a 6-channel receive-only phased array body coil.  Participants 

were positioned in neutral hip rotation, maintained passively using standard patient 

positioning with foam pads. The knee joint was fully extended with the ankle joint positioned 

in resting plantar flexion. Non-isotropic images of the leg were acquired using the following 

scan parameters: 572ms repetition time (TR), 13ms echo time (TE), 90° flip  angle, 150kHz 

signal receiver bandwidth, 260 x 160 matrix, 300mm field of view, 5mm slice thickness, and 

an inter-slice gap of 5mm. All image sequences were interleaved and an elliptical filter was 

MRI set-up and measurement 
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applied during acquisition. The number of axial slices ranged from 11-19 for MG, 9-18 for 

LG and 14-25 for SOL dependent on the length of the leg, and total acquisition time was 

approximately 12mins. 

 

A stack of axial B-mode ultrasound images of the MG, LG, SOL muscle was acquired using 

a previously utilised freehand three-dimensional (3D) ultrasound method (Barber et al. 2016). 

Data collection was performed using Stradwin software (v5.0; Mechanical Engineering, 

Cambridge University, Cambridge, UK) at 25Hz which integrated and synchronised B-mode 

ultrasound images and transducer orientation and position from an optical motion capture 

system. A computer-based B-mode ultrasound scanner with a 128-element beam former and 

a 9.0 MHz linear transducer with a 60x60mm field of view (HL9.0 ⁄60 ⁄128Z, LogicScan 128 

Ext-1Z system, Telemed, Vilnius, Lithuania) was used to record ultrasound images. 

Synchronized position and orientation of the transducer were tracked using four reflective 

markers rigidly attached to the transducer using an optical motion analysis system (Flex 13-

TrackingTools, OptiTrack, Corvallis, OR, USA). Prior to scanning, the system was 

temporally and spatially calibrated following the single-wall phantom calibration protocol 

provided in the Stradwin software (Prager et al. 1998).  

Freehand 3DUS measurement 

 

Three scans of each of the MG, LG and SOL muscles were made with the knee fully 

extended, at a relaxed ankle angle on both legs of participants. Muscle volume was calculated 

as the mean volume of the three scans (Barber et al. 2009). B-mode ultrasound settings were 

optimised for muscle boundary visualisation and kept constant for all participants. Ultrasound 

gel was applied between the ultrasound transducer and the skin to reduce sound wave 

attenuation and improve muscle border image quality. Ultrasound transducer pressure on the 

participant’s skin was applied at the minimum level to maintain full transducer contact during 

scanning. A single sweep method was used for muscles with a width that could fit into the 

ultrasound transducer scan width. A two sweep method (two parallel sweeps) was used for 

muscles that were wider than the ultrasound transducer scan width (Barber et al. 2009). 

Acquisition time for each muscle was between 15-30 seconds. 

 

Manual segmentation, 3D reconstruction, and muscle volume measurements of the MG, LG, 

SOL muscles from the MRI and freehand 3DUS scans were performed using Stradwin 

Segmentation 
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software. The two raters independently reviewed all images, of all participants, for both 

scanning methods prior to segmentation to ensure that the boundaries and pre-defined 

proximal and distal limits of each muscle were visible in the scans. Muscle boundaries of all 

corresponding axial plane MRI images and an equivalent number of similarly spaced images 

of the freehand 3DUS were segmented using a piecewise linear boundary. For volume 

measurement in both scanning methods the proximal and distal ends of each muscle were 

defined by the scan containing the following anatomical landmarks. MG proximal limit: most 

superficial aspect of the medial femoral condyle, MG distal limit: distal musculotendinous 

junction. LG proximal limit: most superficial aspect of the lateral femoral condyle, LG distal 

limit: distal musculotendinous junction. SOL proximal limit: proximal musculotendinous 

junction at the posterior surface of the head and proximal quarter of the shaft of the fibula, 

spanning over the middle third of the medial border of the tibia, SOL distal limit: distal 

musculotendinous junction. A low resolution shape-based paradigm (Treece et al. 2000) was 

used to interpolate a surface through the segmented slices and algorithms available in 

Stradwin were used to turn the muscle cross-sections into a highly smoothed 3D triangle-

based model (Treece et al. 1999a) to calculate muscle volume (Treece et al. 1999b). The final 

segmentations and interpolation were inspected in a reconstructed sagittal plane image re-

slice of the muscle, where the plane could be translated in a medial-lateral direction to 

determine correct muscle border selection. MRI muscle volume was calculated from the 

single MRI scan (Holzbaur et al. 2007). Freehand 3DUS muscle volume was calculated as the 

mean volume from three scans (Barber et al. 2009). Two raters segmented the MG, LG and 

SOL muscles of the MRI and freehand 3DUS scans in all participants for intra- and inter-

rater reliability analysis. Both raters were experienced at muscle segmentation, each with 

>400 MRI muscle scans and >1000 freehand 3DUS muscle scans previously segmented. One 

rater performed a second segmentation of all MRI and all freehand 3DUS scans >2 weeks 

after the first segmentation using de-identified, random ordered (by participant, random 

number generator) data for intra-rater reliability analysis. 

 

Agreement between MRI and freehand 3DUS measurement of muscle volume for each of the 

muscles was assessed using the limits of agreement method (Bland and Altman 1986).   

Statistics 

Intra-rater reliability and inter-rater reliability for the segmentation process for in vivo MG, 

LG and SOL volume obtained using MRI and freehand 3DUS were assessed using: (i) the 

intra-class correlation coefficient (ICC) (3,1 two-way mixed effects model with absolute 
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agreement), (ii) the coefficient of variation of the root-mean-square difference between 

repeated measurements (CV); and (iii ) the minimal detectable change at a 95% confidence 

interval (MDC). The MDC represents the minimum absolute change in a test score, either 

above or below, that would be considered ‘‘real’’ and was calculated as a function of the 

standard error of measurement associated with repeated measurements as follows: MDC = 

standard error of measurement (SEM) * sqrt(2) * 1.96 (Weir 2005). The standard error of 

measurement (SEM) was calculated using Standard Deviation (SD) * sqrt(1-ICC) (Weir 

2005). Intra-class correlation coefficients greater than 0.75 were interpreted as excellent, 

between 0.4–0.75 as fair-to-good and less than 0.4, poor [33] test–re-test reliability. The 

sample size of 18 participants (36 limbs) was selected based calculations with confidence 

level (ρI) = 0.85, raters (k)=2, confidence interval=0.2, confidence level (α)=0.05, and 

adjusted for k=2 and ρI

 

≥0.7 (Bonett 2002). 

Results 

Single sweep freehand 3DUS scans of MG and LG of all 18 children, and SOL of 12 

children, were performed and segmented for analysis. Axial view of the SOL was wider than 

the transducer scan width for six participants and a multiple sweep scan method, utilising two 

sweep, was performed (Barber et al. 2009). Segmented and reconstructed axial images from 

the two sweep method resulted in misaligned re-knitted borders and reduced muscle volume 

measurements compared to MRI. SOL volumes from these muscles were not used in 

statistical analysis (Supplementary data). One child’s leg was not able to be scanned due to 

the presence of a bandage covering one calf muscle on the day of assessment. Freehand 

3DUS MG and LG muscle volume of 35 limbs and SOL muscle volume of 23 limbs were 

compared to MRI. The mean±SD number of axial plane MRI images segmented per muscle 

were MG = 14.7±2.3, LG = 12.6±2.2, SOL = 19.3±3.2. Each segmentation took between 30s-

90s to complete. 

 

Participant demographics and anthropometry measurements are presented in Table 1.  

 

<Insert Table 1 about here > 

 

Measurement agreement between MRI and freehand 3DUS are presented in Table 2. Scatter 

plots of MRI versus freehand 3DUS and Bland-Altman plots MG, LG and SOL muscle 
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volumes are presented in Figure 1. Freehand 3DUS overestimated ultrasound overestimating 

the volume of MG and LG muscles measured using MRI by 0.3ml (95% CI = 3.1ml) and 

0.2ml (95% CI = 2.5ml) respectively, and underestimated SOL muscle volume by 1.2ml 

(95% CI = 3.1ml). These values corresponded to a mean percentage difference for MG 0.6 

±3.5%, LG 0.6±4.9ml and SOL 1.4±1.9%.   

 

<Insert Table 2 about here > 

 

<Insert Figure 1 about here> 

 

The CV, ICC and MDC for intra-rater and inter-rater segmentation reliability of MRI and 

freehand 3DUS in vivo measurement of the MG, LG and SOL muscles are presented in Table 

3 and Table 4 respectively. The ICCs for intra-rater reliability for the MRI and freehand 

3DUS methods and for MG, LG, SOL were greater than 0.98. The corresponding CV (%) for 

MRI and freehand 3DUS measurement of triceps surae muscles was 1.85-5.05% and 2.02-

7.20%, respectively. The MDCs for intra-rater reliability for all muscles measured by MRI 

were between 2.73-3.11ml and for freehand 3DUS between 3.11-3.96ml. The ICCs for inter-

rater reliability for the MRI and freehand 3DUS methods and for MG, LG, SOL were greater 

than 0.96. The corresponding CV (%) for MRI and freehand 3DUS measurement of triceps 

surae muscles was 4.19-9.26% and 5.35-13.33%, respectively. The MDCs for intra-rater 

reliability for all muscles measured by MRI were between 3.55-5.28ml and for freehand 

3DUS between 4.33-6.90ml. 

 

<Insert Table 3 and Table 4 about here> 

 

 

Discussion 

This study has demonstrated good agreement between single sweep freehand 3DUS and MRI 

measures of in vivo muscle volume for the MG, LG and SOL muscles in children with CP. 

The mean percentage difference between the two methods was minimal for all muscles, with 

freehand 3DUS overestimating MG muscle volume by 0.3ml (95% CI = 3.1ml), LG muscle 

volume by 0.2ml (95% CI = 2.5ml) and underestimated SOL muscle volume by 1.2ml (95% 

CI = 3.1ml) which corresponded to a mean percentage difference for  MG and LG muscles of 
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<1% and for SOL of <1.5%. We believe freehand 3DUS measurement of the individual 

muscles of the triceps surae in children with CP demonstrated acceptable agreement to MRI. 

The authors make comment that the level of acceptable validity needs to be considered in 

context by other users. The results of this validation study support those of previous studies 

on lower limb whole muscle volume in adults and muscle volume sections in adults and 

cadaveric samples (Barber et al. 2009; Haberfehlner et al. 2016; MacGillivray et al. 2009). 

Mean difference between muscle volume measured by freehand 3DUS and MRI range from 

1.1%-16% (Barber et al. 2009; MacGillivray et al. 2009), and by freehand 3DUS and water 

displacement method is 0.05%  (Haberfehlner et al. 2016).  The closer agreement between the 

measurement of MG and distal semitendinosus muscle volume (Barber et al. 2009; 

Haberfehlner et al. 2016) may, in part, be due to the well-defined proximal and distal ends of 

these muscles compared to the rectus femoris muscle section (MacGillivray et al. 2009). The 

rectus femoris muscle section was defined by external landmarks (skin surface pen mark and 

oil capsule) which may not reflect the in vivo muscle section due to joint movement altering 

actual muscle position relative to the skin. Incorporating the findings of our study with 

previous studies, freehand 3DUS single sweep method may be considered valid for 

measuring child and adult lower limb muscle volumes 26 to 275ml (Barber et al. 2009; 

Haberfehlner et al. 2016). 

 

Although single sweep freehand 3DUS measurement of SOL muscles was accurate, it should 

be noted that the multiple sweeps scan method (two parallel sweeps) for larger SOL muscles, 

where the axial view of the muscle was wider than the transducer, resulted in inconsistent 

muscle volume measurement compared to MRI. Ultrasound images are subject to distortion 

due to tissue compression from the transducer and, in general, have reduced resolution of 

deep muscles (Fry et al. 2004; Infantolino et al. 2007). Closer inspection of the segmented 

and reconstructed axial images from the two sweep method revealed that the stitched borders 

of the SOL were misaligned and calculated cross-sectional area was reduced. Reduced 

muscle volume was deemed to be due to uneven transducer pressure applied to the skin in 

conjunction with muscle tissue movement under the transducer during the two sweep method. 

This observation provides some insight into the possible effect of US transducer pressure 

during multiple sweep scan method during data acquisition. It is recommended that only 

sufficient transducer pressure to maintain skin contact should be applied during freehand 

3DUS scanning methods. If high transducer pressure is required to effectively visualise the 

tissue of interest, it may be suggested that a water bath be used (Barber et al. 2009).  
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Intra-rater ICCs for the freehand 3DUS to measure muscle volume were between 0.983-0.998 

in all muscles, indicating high levels of repeatability for segmentation. These values are 

comparable to values from other studies using a similar freehand 3DUS method to measure in 

vivo lower limb muscle volumes, 0.960-0.998 (Barber et al. 2009; MacGillivray et al. 2009; 

Haberfehlner et al. 2016). Intra-rater ICCs for MRI measurement of muscle volume in this 

study were also high (0.991-0.998) and comparable to the freehand 3DUS reliability. When 

expressed as CVs our values for the calf muscles for freehand 3DUS and MRI range 2.02%-

7.20% and 1.85%-5.07% respectively. Mean MDC for a freehand 3DUS single rater of 3.11-

3.96ml and MRI single rater of 2.73-3.11ml in all muscles were similar to previous reported 

values (Barber et al. 2013; Handsfield et al. 2016). Change in MG muscle volume over a 12 

month period of approximately 4ml have been reported in pre-school age children with CP 

receiving lower limb BoNT-A treatment (Barber et al. 2013). These findings indicate the 

feasibility and sufficient sensitivity of freehand 3DUS for the detection of clinically relevant 

changes in calf muscle volume as the result of growth and intervention. 

 

Inter-rater ICCs for the freehand 3DUS to measure MG, LG and SOL muscle volume were 

between 0.967-0.993 which also indicate high levels of repeatability of segmentation and 

values close to intra-rater reliability. Inter-rater reliability of segmentation of freehand 3DUS 

measurement of volume of water-filled balloons has been reported to be higher than inter-

rater reliability of muscle measurement in our study (Cenni et al. 2016). Localisation of more 

easily defined borders during the segmentation processing, such as in a water-filled balloon 

versus muscle, would enhance inter-rater reliability. Inter-rater ICCs for MRI to measure 

muscle volume were between 0.987-0.994 and consistent with other studies in lower limb 

muscle volume of young adults and adults, 0.920-0.998 (Pitcher et al. 2012; Lund et al. 2002; 

Tate et al. 2006; Mitsiopoulos et al. 1998). 

 

The CV and MDC values were less within a single rater than for between raters for both 

imaging methods and for all muscles. Greater inter-rater variability has been consistently 

reported in other in vivo muscle morphological measurement studies (Handsfield et al. 2016). 

This indicates that systematically defining muscle boundaries, origins, and insertions across 

researchers may improve the precision of segmentation. Pre-post measurement studies would 

benefit from a single rater performing all segmentation. The LG muscle had the greatest CV 
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and MDC in freehand 3DUS and MRI and may be attributed to the difficult-to-identify 

muscle boundaries observed in the axial images from both imaging methods.  

 

Muscle volume estimates using freehand 3DUS in this study utilised previous defined 

methods which incorporate calculating mean muscle volume of three scans (Barber et al. 

2009; Barber et al. 2011b). The nature of the short data acquisition time supports multiple 

scanning with the expectation of reduced measurement variability with volume averaging. 

Single freehand 3DUS scan measurement validity (versus MRI) therefore has not been 

studied. The validity and reliability of repeated MRI scans for muscle volume have not been 

investigated in any muscle previously therefore measurement variability due to altered 

participant position or varied MRI scan settings remains unknown.  Segmentation of all 

freehand 3DUS and MRI images was performed manually by experienced processors in this 

study. Axial image segmentation for both imaging methods requires thorough anatomical 

training to identify muscle borders and attachments, and localise and classify contractile and 

non-contractile tissue, to ensure high quality 3D renderings of the muscles. Sufficient 

anatomical knowledge of the muscle/s of interest and surrounding structures is also required 

during freehand 3DUS data acquisition to ensure good quality axial scans for segmentation. 

The experience of our researchers (>400 MRI and >1000 freehand 3DUS muscle scans) may 

function as a guide for other research and clinical groups looking to utilise freehand 3DUS 

for muscle morphology measurement. This study has assessed the validity and reliability of 

the segmentation process of freehand 3DUS for the measure of muscle volume for the MG, 

LG and SOL in children with CP. If studies plan to investigate other muscles in other 

populations, further validation and reliability studies should be performed. Intra- and inter-

rater reliability of the segmentation process was assessed in this study, in contrast to the 

reliability of repeated freehand 3DUS sweeps or repeated MRI scans. The reliability of 

repeated freehand 3DUS sweeps (by single and multiple people scanning) and repeated MRI 

scans should be considered in further studies. Finally, acceptance of level of agreement or 

reliability should be related to the clinical and/or research application and the importance of 

measurement error dependent upon the context in which the measurements are used. 

 

The present study has demonstrated good concurrent validity and equivalent high 

segmentation intra-rater and inter-rater reliability of freehand 3DUS, compared to MRI. 

Although children with CP have visually different muscle morphological properties on 

ultrasound and MRI – muscle size and shape, intramuscular fat, tissue quality (ratio of 
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contractile and non-contractile tissue) and echogenicity that appear on B-mode US (Obst et 

al. 2017; Barber et al. 2016; de Bruin et al. 2014; Noble et al. 2014), compared to typically 

developing individuals, these differences do not impact localization of tissue borders and 

anatomical landmarks during image acquisition, processing and segmentation in this clinical 

population.  

 

Clinicians and researchers may consider the use of freehand 3DUS as an alternative to MRI 

for muscle volume measurement in a child population. In addition, B-mode ultrasound may 

be used to image muscle fascicle lengths and pennation angles during passive, active and 

functional movements which provide important information about the relationship of muscle 

structure and function (Barber et al. 2011a; Barber et al. 2012; Barber et al. 2017). Further, 

freehand 3DUS offers good clinical utility compared to MRI considering the low cost, 

suitability of use in a clinical environment, ease of trainability of individuals to use the 

system for data collection and processing and potential applications in other muscles and 

anatomical structures. In young children with and without CP, the freehand 3DUS system, 

using a single sweep method, may lend itself to in vivo muscle morphological measurements 

for monitoring changes due to age, function, pathology and treatments such as intramuscular 

injections of botulinum toxin type-A and surgery, and provide muscle health decision making 

guidance.  
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Tables 

Table 1. Participant demographics and anthropometric measurements 

 N = 18 

Age (y) 8.7±1.6 

Height (cm) 121.9±10.2 

Mass (kg) 26.2±4.5 

Fibula length – right (cm) 24.8±2.7 

Fibula length – left (cm) 25.2±2.5 

Data are mean±SD 

 

Table 2. Comparison of muscle volume measurements of the MG, LG and SOL using MRI 

and freehand 3DUS in children with CP. 
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 Volume (ml) Mean  

difference (ml) 

LOA  

(ml) 

Mean 

difference (%) 

Muscle MRI 3DUS    

MG (N=35) 46.2±18.1 46.5±18.0 -0.3±1.6 3.1 -0.6±3.5 

LG (N=35) 26.5±11.0 26.7±10.7 -0.2±1.3 2.5 -0.6±4.9 

SOL 

(N=23) 

85.8±24.7 84.6±25.4 1.2±1.6 3.1 1.4±1.9 

Mean±SD. LOA: Limits of agreement; MG: medial gastrocnemius; LG: lateral 

gastrocnemius; SOL: soleus; MRI: magnetic resonance imaging; 3DUS: freehand 3D 

ultrasound; ml: millilitres. 

 

 

Table 3. Intra-rater reliability of MRI and freehand 3DUS for measuring in vivo MG, LG and 

SOL muscle volume in children with CP. 

 MRI  Freehand 3DUS 

Muscle ICC CV(%) MDC (ml)  ICC CV(%) MDC (ml) 

MG (N=35) 0.997 3.11 2.73  0.996 3.44 3.11 

LG (N=35) 0.991 5.07 2.85  0.983 7.20 3.96 

SOL (N=23) 0.998 1.85 3.11  0.998 2.02 3.39 

MG: medial gastrocnemius; LG: lateral gastrocnemius; SOL: soleus; MRI: magnetic 

resonance imaging; 3DUS: 3D ultrasound; MG: medial gastrocnemius; LG: lateral 

gastrocnemius; SOL: soleus; ICC: intraclass correlation coefficient (3,1); CV: coefficient of 

variation; MDC: minimal detectable change. 

 

 

Table 4. Inter-rater reliability of MRI and freehand 3DUS for two raters for the measurement 

of in vivo MG, LG and SOL muscle volume in children with CP. 

 MRI  Freehand 3DUS 

Muscle ICC CV(%) MDC (ml)  ICC CV(%) MDC (ml) 

MG (N=35) 0.992 6.93 4.30  0.993 6.59 4.33 

LG (N=35) 0.987 9.26 3.55  0.967 13.33 5.79 

SOL (N=23) 0.994 4.19 5.28  0.991 5.35 6.90 
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MG: medial gastrocnemius; LG: lateral gastrocnemius; SOL: soleus; MRI: magnetic 

resonance imaging; 3DUS: 3D ultrasound; MG: medial gastrocnemius; LG: lateral 

gastrocnemius; SOL: soleus; ICC: intraclass correlation coefficient (3,1); CV: coefficient of 

variation; MDC: minimal detectable change.  

 

 

Figure legends 

Figure 1. Scatter plots, MRI versus mean freehand 3DUS, and Bland–Altman plots, 

difference (MRI-3DUS) versus average of values measured by MRI and 3DUS, of the MG 

(A, B), LG (C, D) and SOL (E, F) in children with CP. The diagonal line in the scatter plots 

corresponds to the line of perfect agreement. The horizontal lines on the Bland–Altman plots 

represent the mean difference (solid) and the upper and lower 95% limits of agreement 

(dashed).  
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