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INTRODUCTION
Reports estimate that between 1.6 and 3.8 million 
cases of concussion occur in sports and recreation 
each year in the United States.1 Despite continued 
efforts to reduce the occurrence of concussion, the 
rate of diagnosis continues to increase. The rate of 
occurrence has increased from 0.23 to 0.51 per 1000 
high school athlete exposures in the period from 
2005-2006 to 2011-2012.2 The cause of these concus-
sions is often contact of a player’s head with the 
opponent’s head, body, or the ground.3 Sports related 
concussions affect more than 5% of high school 
and collegiate football players. Nearly 15% of the 
affected population goes on to sustain repeat con-
cussions within the same season.4 Concussion has 
been identified as a potential risk factor for neurode-
generative dementia and decreased neurocognitive 
performance.5,6 Researchers utilize measurement 
devices to quantify the head impacts experienced 
by players in order to improve safety of athletes, but 
the technology of these devices often moves faster 
than the ability to independently test their accuracy. 

A method of quantifying head impulses experienced 
during sport is to place measurement devices such 
as accelerometers and gyroscopes into the athlete’s 
helmet or directly on the athlete’s head. Such tech-
nology allows potentially injurious accelerations to 
be quantified immediately during participation as 
well as for the collection of cumulative impact data 
from multiple players over the course of a season.7,8 
Current wearable systems, often worn on or in hel-
mets, have shown to be ineffective in accurately 
measuring the kinematics of the head.9–15 The X2 
Biosystems’ xPatch® system (Seattle, WA) is an option 
to measure head kinematics directly from the scalp. 
This system consists of a triaxial linear accelerom-
eter and a triaxial gyroscope contained in a 1½ in by 
½ in device that attaches directly to the skin over 
the mastoid process of the athlete (Figure 1A). The 
system allows measurement of head accelerations 
for activities whose participants do not typically 
wear headgear or helmets. Previous research on the 
accuracy of a mouthguard based system manufac-
tured and tested by the same company indicated the 
design may be capable of accurately measuring the 
accelerations experienced by the head16,17 yet limited 
research currently exists on the ability of the xPatch® 
device to accurately measure head accelerations. 

The purpose of this study is to determine the mea-
surement error of the xPatch® system when com-
pared to a gold standard Hybrid III 50th percentile 
male headform (HIII) in a laboratory setting. Accu-
rate measurements of the kinematics of the head 
during athletic competition are important in deter-
mining the risk of concussion, alerting medical per-
sonnel of the need for secondary evaluation and for 
developing concussion prevention strategies and 
equipment. It is theorized that these devices will 
have error percentages equivalent to other equip-
ment currently commercially available. 

METHODS 
A helmeted HIII headform (Humanetics, Plymouth 
MA) was impacted via a pneumatic ram at varying 
impact speeds and directions. The HIII headform 
was attached to a HIII neck secured to a 40.23 kg mass 
on roller bearings which approximates the mass of 
a human thorax.18 The head was level (i.e. 0�of tilt) 
for all impacts. The xPatch® sensor was placed on the 
headform’s right side at the approximate location of 
the mastoid process. Orientation of the sensor was 
set with the front of the device oriented perpendicu-
lar to the plane of testing (Figure 1A). The sensor 
was attached utilizing the manufacturer provided 
adhesive patch. The headform was then fitted with a 
Schutt Stallion lacrosse helmet (STX, Model: Stallion 
500, Baltimore, MD) under which a wig comprised of 
human hair was placed and kept moist with a spray 
bottle, to simulate sweat. A Cascade STX chinstrap 
(Cascade Sports, Liverpool, NY) was used to secure 
the helmet to the headform and the helmet was fit-
ted using manufacturer’s recommendations. 

A pneumatic ram weighing 23.9 kg was utilized to 
impact the helmet (Figure 1B). The impacting sur-
face of the ram was an 8.25 inch diameter cylinder 
made of ultrahigh molecular weight polyethylene 
(UHMWPE). The helmet was impacted at four dif-
ferent speeds: 1.5, 2.5, 3.75, and 5 m/s from five 
different locations: frontal, side, rear, front-oblique 
and rear-oblique (Figure 2) to create a kinematic 
profile of impacts previously described to be rep-
resentative of impacts experienced during play in 
light helmeted sports.14,19 Ram speed was controlled 
to within 0.1m/s. These speeds of impact were 
shown to produce accelerations at the head which 
have been reported during sports participation.10,20,21 
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All oblique impacts were directed 45��from the mid-
sagittal plane. Each impact was directed through 
the center of gravity of the headform. Four impacts 
were performed at each selected speed for each 
selected direction. The number, location and veloc-
ity of the impacts were controlled rather than resul-
tant kinematics. 

Linear accelerations and angular velocities of the 
HIII were recorded utilizing sensors placed within 
the headform. Piezoelectric accelerometers (Meg-
itt’s Endevco, Model #:7246C-2000, Irvine CA) were 
used to measure linear acceleration while Angular 
Rate Sensors (ARS) (DTS ARS P18K Pro, Seal Beach 
CA) were used to measure angular velocity. Accel-
erometers were organized within the headform in 
a 3-2-2-2 configuration described by Padgaonkar22 
typical for acquiring head impact data. Linear accel-
erations and angular velocities were stored using 
data acquisition system TDAS G5® (DTS, Seal Beach 
CA). Data were imported into DIAdem (National 

Instruments, Austin TX) where it was zeroed and 
filtered using CFC 1000 filters as per standard prac-
tices described in the Society of Automotive Engi-
neers standard J211-1.23 While angular accelerations 
were not directly measured within the headform, 
they were calculated using algebraic equations as 
described by Padgaonkar.22 

Immediately prior to data collection, the xPatch® 
units were synced with the data recording system 
which set the time stamp on each device to the 
computer generated time. This same computer was 
utilized to run to HIII data acquisition system. Data 
from the xPatch® sensor were downloaded from 
the device into the manufacturer’s software at the 
completion of testing. This software automatically 
converts the linear acceleration data from the lat-
eral aspect of the head ( ap ) to the center of gravity 
(aCG) (Equation 1) where �  is angular velocity, ��  
is angular acceleration and rp CG�  is the geometri-
cal relationship between point P, the location of the 

Figure 1.  A) Front-Oblique testing setup.  B) Affixation of the xPatch Device to the HIII.

Figure 2.  Testing Matrix.
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excluded from analysis. All remaining tests were 
identified as impacts by the xPatch® system and were 
not determined to be non-impact signals referred to 
by the manufacturer as “clacks”.

Resultant peak linear accelerations from the HIII 
headform ranged from 7.1 to 134.5g (average= 
40.4g ±27.5), resultant peak rotational accelerations 
ranged from 606.8 to 8328.6 rad/s2 (average=2862.9 
rad/s2 ±1889.2) and resultant peak rotational veloc-
ity ranged from 7.5 to 42.5 rad/s (average= 22.7 
rad/s ±9.7). 

Analysis of the data indicated high correlations 
between the xPatch® and the HIII system. A corre-
lation of linear acceleration fixed through the ori-
gin was found to be strong (p<0.01, R2=0.967). The 
results of rotational velocity were strongly correlated 
(p<0.00, R2=0.999) along with rotational accelera-
tion (p<0.01, R2=0.933) when regressed through the 
origin (Figure 3). 

Analysis of the RE, AE and RMSE for Linear, and 
Rotational Acceleration and Rotational Velocity are 
presented in Table 1. RMSE for PLA in all combined 
directions was 34%, 2.8% for PRV and 23.4% for 
PRA. Percent relative error by averaged HIII and 
xPatch® measurements indicate an average error of 
31% ±14.1 PLA, -6.7% ±22.6 PRA and 1.7% ±2.2 
PRV (Table 1).

Bland-Altman Plots are presented (Figure 4) for the 
percent error of each of the measures at the aver-
age measure of each of the devices. Average percent 
error for PLA was 31.0 (Limit of Agreement; 58.6, 
3.3), average percent error for PRA was -6.7 (Limit 
of agreement: 37.6, -51.0), indicating an under esti-
mation of the acceleration by the xPatch® system 
and average percent error for PRV was 1.7 (Limit of 
agreement: 6.0, -2.6). 

Significantly higher error was found between 
devices in RE and AE between the oblique mea-
sures over the non- oblique measures of PLA 
(Figure 5). Significant differences in AE: Front to 
Front Oblique (p=0.029), Front to Rear Oblique 
(p<0.001), Front-Oblique to Rear (p=0.018), Side 
to Rear Oblique (p=0.010), Rear Oblique to Rear 
(p<0.001). Significant Differences in RE: Front 
to Rear Oblique (p<0.001), Front-Oblique to Rear 

device on the head and Q, the location of the center 
of gravity of the head.24 

a a r rCG p p CG p CG� � � � �� �� � �( ) � (Eq. 1)   

These calculations take place within the system uti-
lizing manufacturer preset rp CG�  distance and ori-
entation which are not altered by the user. All data 
were transferred to excel spreadsheets to coordinate 
time stamps. The impacts measured by the xPatch® 
and sensors within the HIII were matched utilizing 
the time stamp on the xPatch® device and the data 
acquisition system regardless of the system deter-
mination of an actual impact or a non-intentional 
impact. The xPatch® system identifies false impacts 
through two methods including comparison to a set 
of wave form parameters and comparison to a refer-
ence waveform using cross-correlation.25 Two hun-
dred and forty eight impacts were recording during 
testing. 

STATISTICAL METHODS
Correlational analysis of peak linear acceleration, 
peak rotational acceleration and velocity were com-
puted utilizing SPSS version 24 (IBM Armonk, NY). 
Error between the devices was calculated in Percent 
Relative Error (Equation 2), Percent Absolute Error 
(Equation 3) and Root mean square error (RMSE) 
(Equation 4) for each of the peak accelerations and 
velocities14.

Percent lative Error
HIII Measure xPatch

Re
Me

�
� aasure

HIII Measure
(Eq. 2)*100

Percent Absolute Error
Hlll Measures xPatch

�
� Meeasure

Hlll Measure
(Eq. 3)*100

RMSE
N

i

N

� � ( )Relative Error 2

(Eq. 4)

RESULTS 
Seventy-six tests were utilized for comparison of the 
xPatch® and HIII systems. Front and front oblique 
low speed tests included two impacts each that were 
below the 10g threshold of the xPatch® system as 
confirmed by the HIII system, thus they have been 
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(p=0.044), Side to Rear Oblique (p=0.016), Rear 
Oblique to Rear (p<0.001). Significant differences 
were found in PRV between rear oblique measures 
and all other measures in RE and AE at p<0.001 
(Figure 6). No significant difference was found 

Figure 3.  Correlation of Measurements from xPatch to HIII 
system.

Figure 4.  Bland-Altman Plot of Percent Error in A) Linear 
Acceleration B) Rotational Acceleration C) Rotational Velocity

Table 1.  Error by Type and Measurement
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Back bridge with single leg lift: The subjects lay 
supine and lifted their pelvis with a single leg. The 
other leg was extended during the bridge. No instruc-
tion about the activity of abdominal wall muscles 
was provided.

Muscle elasticity of the TrA at the target region was 
measured using shear wave ultrasound elastogra-
phy images (Figure 2) obtained by an ultrasonic 
apparatus (Aixplorer, SuperSonic Imagine, Aix-en-
Provence, France). Before the exercises, the target 
region, which was the right side of the umbilicus 
and 2 cm inside the mid-axillary line, was marked 
with an indelible pen. An 11-Hz electronic convex 
probe (SuperCurved 6-1, SuperSonic Imagine, Aix-
en-Provence, France) was used and placed on the 
target region transverse to the long axis of the body 
(i.e., parallel to the line of the muscle fibers of the 
TrA).11 Immediately after (approximately in 2-3 
s) attaching the ultrasound probe on the skin, the 
color distribution is unstable (i.e., partial color miss-
ing and/or change in color) in some cases. A single 
image that captured a stable color distribution at a 

specific time was selected from the images stored in 
the ultrasonic apparatus to estimate muscle elastic-
ity.11-13 In the image, a 3-mm circle was set near the 
center of the TrA; the muscle elasticity within the 
circle was automatically calculated. The apparatus 
measures shear wave speed and calculates the elas-
ticity by the following equation:

E = 3ρc2/1000

Where E: Young’s modulus (kPa), ρ: Tissue density 
(kg/m3), c: Propagation speed (m/s). All the mea-
surements were performed by a trained operator. 
For each subject, it took approximately 50 min for 
the entire procedure of the experiment.

As mentioned above, the trial was repeated six times 
for each condition. Of the six measured values, a 
group of four measurements showing the lowest 
coefficient of variation among the twelve possible 
groups was adopted, and the mean values were used 
for further analysis.11 The authors failed to obtain 
the muscle elasticity during abdominal bracing 
and hanging deadlift for one subject; data from the 

Figure 1. Pictures of various exercises performed in this experiment. 1: Abdominal hollowing; 2: Abdominal bracing; 3: Hanging 
deadlift; 4: Elbow-toe plank with left arm and right leg lift; 5: Elbow-toe plank with right arm and left leg lift; 6: Back bridge with right 
leg lift; 7: Back bridge with left leg lift.
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The intraclass correlation coefficients type 1, 4 
[ICCs (1, 4)] were calculated to examine the reliabil-
ity of muscle elasticity measurements. The relative 
reliability among four measurements was calcu-
lated using one-way analysis of variance (ANOVA) 
model with consistency. The strength of the correla-
tion was interpreted as follows: an ICC of ≤0.20 was 
“slight,” 0.21–0.40 was “fair,” 0.41–0.60 was “mod-
erate,” 0.61–0.80 was “substantial,” and ≥0.81 was 
“almost perfect.”14 One-way ANOVA was performed 
to compare the muscle elasticity among exercises, 
and if appropriate, Tukey-HSD test was used for post-
hoc analysis. In this comparison, the average value 
of two time points was used for the rest condition. 
The significance level was set at p < 0.05.

RESULTS
The descriptive data for TrA elasticity and ICCs are 
presented in Table 1. The ICCs of muscle elasticity 
for each condition were significant (p < 0.05). Except 
for the elbow–toe plank with right arm and left leg 
lift, all conditions had ICC values higher than 0.89, 
which was evaluated as “almost perfect”.14 In addi-
tion, there was no difference in TrA elasticity dur-
ing the resting condition before (14.1 ± 6.5 kPa) and 
after the exercises (13.6 ± 6.3 kPa) (p = 0.63). TrA 
elasticity was significantly higher during abdomi-
nal bracing than during other exercises (p < 0.05), 
except during hanging deadlift (Figure 3). 

DISCUSSION
In the present study, most ICCs of the four trials 
reached the “almost perfect” level. Even one condi-

remaining nine subjects were presented as averages 
for these exercises.

Statistical analysis
Descriptive data were presented as mean ± stan-
dard deviation. A Student’s paired t-test was used to 
test the differences in muscle elasticity during the 
resting conditions before and after the exercises. 

Figure 2. Typical example of shear wave ultrasound elastog-
raphy images during rest and abdominal bracing conditions. 
EO: external abdominal oblique, IO: internal abdominal 
oblique, TrA: transversus abdominis.

Table 1. Descriptive data of the TrA elasticity, intraclass correlation coeffi cients (ICCs) 
and 95% confi dence intervals (CIs) of each condition
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Therefore, it is possible that healthy men can auto-
matically increase the TrA tension during resisted 
lifting exercise without special intention being paid 
to consciously increasing TrA tension. 

The results of this study do not diminish the sig-
nificance or importance of abdominal hollowing. 
Rather, the findings suggest that abdominal bracing 
or lifting exercises increased TrA tension to a greater 
extent than during abdominal hollowing. This dif-
ference may be significant during late-stage reha-
bilitation or return to sport training to enhance the 
capability to maintain trunk stability during higher 
demand tasks. Hodges and Richardson15 revealed 
that the onset of TrA activity was delayed in patients 
with low back pain, and this delay can be remedi-
ated with an abdominal hollowing intervention.16 
Particularly for early-stage rehabilitation, it may be 
necessary to revise the timing/onset of TrA activity 
by utilizing abdominal hollowing.

This study has several limitations. The authors did not 
set criteria other than low back pain or other injuries 
for the subjects’ recruitment (e.g., activity level). This 
may have resulted in slightly large standard devia-
tions of muscle elasticity during bracing or hanging 
deadlift and may have made the difference between 
hanging deadlift and other exercises insignificant. The 
ultrasound probe was manually operated. Therefore, 
the authors cannot completely eliminate errors asso-
ciated with the manual operation. However, because 
the high reliabilities of the measurements were con-
firmed, these slight errors would be negligible.

tion that did not reach the highest evaluation (i.e., 
“almost perfect”) can be evaluated as “substantial”.14 
Therefore, it can be assumed that the measurements 
used in the present experiment were conducted with 
high reliability. In addition, no change in tension 
was observed during the resting conditions before 
and after exercise performance. This result suggests 
that the muscle elasticity measured during exercises 
did not reflect the changes in mechanical properties 
because of repeated exercises but can be assumed as 
an appropriate index of muscle tension.

TrA elasticity was significantly higher during abdom-
inal bracing than during other exercises, except dur-
ing the hanging deadlift. Grenier & McGill4 reported 
that higher trunk stability was observed during 
abdominal bracing compared with that during 
abdominal hollowing. For abdominal bracing, not 
only the TrA but also “global muscles,” such as the 
external abdominal obliques, are recruited and have 
been assumed to contribute to the associated higher 
trunk stability. Higher TrA tension occurs during 
abdominal bracing than during abdominal hollow-
ing which could be related to greater trunk stability. 

The deadlift is a typical strength and conditioning 
exercise that forces trunk flexion. High TrA tension 
was observed during the hanging deadlift, which 
would increase the tension of thoracolumbar fas-
cia1 and intraabdominal pressure,2 and could be a 
strategy to resist trunk flexion load. The authors did 
not provide any instructions about recruitment of 
abdominal wall muscles during the hanging deadlift. 

Figure 3. Transversus muscle elasticity during various conditions. Abdominal bracing showed signifi cantly higher value than the 
other exercises, except for hanging deadlift. * Statistically signifi cant difference with abdominal bracing.
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CONCLUSIONS
Shear wave ultrasound elastography measures of the 
transversus abdominis at rest and during exercise tri-
als demonstrated substantial to almost perfect reli-
ability. Among the exercises adopted in the present 
study, abdominal bracing provided the highest ten-
sion of TrA. The hanging deadlift also produced com-
parably high TrA tension with abdominal bracing.
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ABSTRACT
Background: The prevalence of sway back posture (SBP) is very high among elite gymnasts. This posture 
may be partly due to the improper function of lumbar multifidus muscles (LMM) as lumbar stabilizers 
muscles. 

Purpose: The aim of this study was to compare the thicknesses of LMM measured at rest and during the 
contraction elicited during an arm lift between elite gymnasts with SBP and normal posture. 

Study Design: Observational, descriptive, comparative 

Methods: The participants consist of twenty gymnasts between the ages of 17 and 30 who had trained in 
gymnastics for more than ten years. They were assigned to two groups: SBP (n=10) and control (n=10). 
Posture analysis with grid paper and plumb line was performed for all subjects. The thickness of LMM on 
dominant side of spinal column was measured by a real-time ultrasound at five lumbar levels. The thick-
ness of the LMM was measured both at rest and during the contraction elicited during an arm lift. The 
variation between the LMM thickness between the muscle at rest and muscle at the peak of contraction 
was regarded as LMM muscle function.

Result: The thickness of LMM was less in SBP group than the control group at all lumbar segments. The 
variation in LMM thickness between the state of rest and muscle contraction was significantly less in ath-
letes with SBP than controls when compared at all levels of the lumbar spine (p < 0.05). 

Conclusion: The function of LMM may be disturbed in athletes with SBP as demonstrated by decreased 
thicknesses of LMM found in gymnasts with SBP. Additionally, the thickness of the LMM as a strong anti-
gravity and stabilizing muscle group was decreased during arm raising in gymnasts with SBP.

Level of Evidence: 3a

Key words: Gymnastics, lumbar multifidus, sway-back posture, ultrasound imaging
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INTRODUCTION
Posture, which is the relative disposition of the body 
at any one moment, is composite of the different 
positions of the joints at that time.1 A “well balanced 
posture” is the result of an interaction between the 
musculoskeletal system, nervous system and con-
textual effects.2 On the other hand, the faulty posture 
is result of an imperfect relationship among various 
skeletal structures of body. In such an example, the 
body is balanced less efficiently over its base of sup-
port. Therefore, any limitation, imbalance, or mis-
alignment of musculoskeletal structures will have a 
significant effect on the efficiency of movements.

Sway-Back Posture (SBP) is the most common devia-
tion or faulty posture of sagittal alignment1,3 charac-
terized by anterior translation of the pelvis and hip 
joints, beyond the center of gravity line, a flatted 
curve in the lumbar region and overextended hip 
and knee joints.2 In one study, it has been reported 
that 35% of young girls may be affected by sway 
back posture.4 In a study that specifically included 
gymnasts, 80% of female gymnasts demonstrated 
SBP, which suggests that this postural fault is highly 
prevalent in this population.5

Gymnastics is a competitive sport that involves a 
series of maneuvers requiring strength, flexibility, 
balance and high levels of motor control. It consists 
of many different styles including artistic, rhyth-
mic, trampoline, tumbling, and aerobic gymnastics. 
Artistic gymnastics is the best-known style, which 
includes different events for men and women. 
Women’s events include the vault, the uneven bars, 
the balance beam and the floor exercises. In gym-
nastics, there are six basic maneuvers including the 
hollow, arch, tuck, straddle, pike, and lunge, which 
are the basis for many skills used in by artistic 
gymnasts. In gymnastics, SBP may be induced as a 
result of competition or training programs.6 In some 
case, this posture may improve the gymnasts’ abil-
ity at different levels of the competition. However, 
this posture may also predispose the gymnasts to an 
imbalance in spinal musculature, which when car-
ried into performance may induce pain and disabil-
ity. Low back pain is the most common complaint 
reported by 50% of young artistic gymnasts (11-19 
years old), occurring as a result of curve changes in 
lumbar region.6

A significant correlation between SBP and low back 
pain has been reported by O’Sullivan et al.7 The 
authors revealed that lumbar multifidus activity 
decreased while subjects were in sway standing. 
The lumbar multifidus muscles (LMM) are impor-
tant muscles that function to stabilize the lumbar 
vertebrae and pelvis. Researchers have suggested 
that the size and activity of LMM decreased in peo-
ple with low back pain.8,9 Smaller size of LMM and 
loss of stability has been observed in the lumbar 
spine of patients with LBP.5,10,11

The multifidi are the deepest spinal extensors that 
serve to produce tension and contract to stabi-
lize against external loads. According to different 
authors, it has been shown that actions like arm 
lift or straight leg raising, increase the load on the 
spinal column and result in the contraction of the 
spinal stabilizer muscles including the lumbar mul-
tifidus.5,28 Moseley et al30 indicated that activation 
of different elements of LMM occur concurrently 
with voluntary arm lift. Therefore, arm lift was 
chosen as a functional and dynamic task for use in 
this study to examine the contraction of the lumbar 
multifidi. 

Ultrasound imaging (USI) is a painless, noninvasive, 
and real-time technique that can be used to exam-
ine muscle features like size, thickness, and cross 
section area (CSA). This technique can be utilized 
either at rest or during dynamic movements and it 
has been reported Real-time ultrasonography is a 
relatively simple and inexpensive method of accu-
rately measuring muscle thickness.14 Hodges et al24 
noted that LMM thickness changes in response to 
other muscles contracting. This change in muscle 
thickness between rest and contracted conditions 
is one measure of contraction ability. It has been 
shown that USI is able to image both superficial and 
deep muscles such as the abdominal, lumbar mul-
tifidus, and pelvis floor muscles with high reliabil-
ity and validity.12,13,14,15 The USI method for imaging 
the lumbar multifidus muscles (LMM) can be con-
ducted in both prone and side-lying positions and 
without any adverse effects on the results.16 Further, 
it has been confirmed that USI is a reliable and non-
invasive method for recording activity and thickness 
changes of lumbar multifidus (MF) in low load range 
of dynamic functions.17
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The aim of this study was to compare the thicknesses 
of LMM measured at rest and during the contraction 
elicited during an arm lift between elite gymnasts 
with SBP and normal posture. It was hypothesized 
that thickness changes (between relaxed and active 
conditions) of lumbar multifidus muscles may be 
different between gymnasts with sway-back posture 
and gymnasts without sway-back posture. 

MATERIALS AND METHODS 

Sample
Twenty female gymnasts between the ages of 17-30 
were recruited. They all competed in artistic gymnas-
tics at the Iranian national championship level and 
were recruited from Iranian Gymnastics Federation. 
They were assigned to two groups: gymnasts with SBP 
(n=10) and gymnasts with normal posture (n=10). 
Age, duration of activity at an elite level, time spent 
training per week, and history of surgery/pain in lower 
back and pelvis were self-reported by all athletes.

To be included in the SBP group the subjects could 
not be performing exercise therapy or training for 
daily activities (such as correcting standing posture 
or doing exercises in order to correct the SBP). The 
exclusion criteria were: 1) any history of surgery of 
the spine, lower extremity or pelvis, and 2) musculo-
skeletal disorders like spasm, tendonitis, sprain and 
strain, fracture or dislocation of the spine or pelvis. 
Prior to involvement in the study, the study proto-

col was explained to all participants and it was their 
option to participate in this study. After acceptance, 
they were given a questionnaire to fill out. Height and 
weight was measured and the values were used to 
obtain their BMI. Consequently, the two groups were 
matched by means of age, time training and anthro-
pometric variables such as weight, height and body 
mass index (BMI= weight / squared height) (Table 1).

Posture analysis
In order to evaluate posture, a plumb line and grid 
paper was used according to the methods described 
by Kendall.2 A similar technique was used by Mul-
hearn5 and Dolphens19 in their studies examining pos-
ture. The distance between the grid paper on the wall 
and plumb line that hung from the roof was 45 centi-
meters. The researchers adjusted the plumb line to be 
parallel to with one of lines on the grid paper. Mark-
ers were placed on the seventh cervical spinous pro-
cess, the middle of greater trochanter and the middle 
of lateral malleolus. Then the gymnasts were asked to 
stand between the grid paper and plumb line so that 
the plumb line passed the middle of the lateral mal-
leolus marker. Their feet were in the natural toe out 
position with 15cm distance between 1st metatarsals 
for all subjects. Then they were asked to put equal 
weight on both feet. They held this position for three 
minutes (this is necessary to allow enough time for 
them to achieve their habitual posture). To standard-
ize the head posture, the ear meatus was aligned with 

Table 1. Characteristic of the sway-back posture and control groups expressed as mean and standard 
deviation (SD) and range (signifi cance level p < 0.05) 
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shape of the flexible ruler, the convex side of the ruler 
was drawn on a paper and L1 and S2 were delineated 
on the paper. To evaluate the lumbar lordosis two 
points of L1 and S2 were connected to each other and 
identified as “L” then from the middle of the line “L”, 
another line perpendicular to the curve was added 
and labeled it as “H”. The following formula was then 
used to compute the degree of lumbar lordosis (D).

D = 4[arc tan (2H/L)]

Pelvic tilt measurement
Pelvic tilt was measured with inclinometer. Arms of 
inclinometer were placed on the ASIS and PSIS land-
marks. Then the inclination of the pelvic directly 
was read from protractor (Figure 2). To evaluate pos-
terior or anterior pelvic tilt, vertical lines from ante-
rior superior iliac spine (ASIS) and posterior superior 
iliac spine (PSIS) were drawn to grid paper. These 
two points were attached to each other with a line. 
The distance between the middle of line and plumb 
line was measured with a ruler.20 Intraclass correla-
tion coefficient for repeated measures, Intra-tester 
and Intra-tester reliability were indicated 0.99.29   

Ultrasound imaging protocol
The technique was performed using a B-Mode ultra-
sonography device (Honda 2100, Honda Co., Japan) 

the marker and the gymnasts were asked to look at 
a marker that was placed on the wall. The research-
ers then observed their final posture and checked 
the plumb line. If C7 and the greater trochanter were 
behind the plumb line, the gymnast was placed in the 
sway-back posture group, all others were placed in 
the normal posture group.19 

Lumbar lordosis measuring protocol
In the current study, a flexible ruler (Intra-tester 
reliability of 0.92, Inter-tester reliability of 0.82 and 
validity of 0.91 when compared to X-ray)20 was used 
to measure the angle of lumbar lordosis. At first, the 
lumbar vertebrae were identified using iliac crest 
as a landmark. The angle was measured after three 
minutes to reach to their typical posture. The flexible 
ruler was placed on the middle of the lumbar region, 
conforming to the spinal posture of the athlete (Fig-
ure 1). The spinous processes of L1 and S2 vertebrae 
were marked on the ruler. Then without altering the 

Figure 1. Lumbar lordosis measurement using fl exible ruler. 
The spinous processes of L1 and S2 was marked on the ruler. 
(L1: fi rst lumbar vertebrae, S2: second sacrum vertebrae).

Figure 2. Pelvic tilt was measured with inclinometer. Arms of 
inclinometer were placed on the ASIS and PSIS landmarks. (ASIS: 
anterior superior iliac spine, PSIS: posterior superior iliac spine).
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repeated at each vertebral level from L1-L5. A total of 
10 measurements were taken per gymnast to view 
each vertebral segment from L1-L5 while at rest and 
during contraction of the LMM.

The thicknesses of lumbar multifidus muscles were 
measured on the display of the ultrasound device, 
then the thickness variation between the state of 
rest and contraction was computed as a measure of 
muscle contractility. 

Reliability
The reliability of the LMM thickness, the degree 
of lumbar lordosis and the pelvis tilt measurement 
was evaluated for ten randomly selected individuals 
(five from SBP group and five from control group). 
The measurements were repeated three times with 
an interval of one hour within one day. The first 
measurement was performed as mentioned, and 
for subsequent measurements all markers were 
removed after each testing session. For all subse-
quent measures, bony landmarks were re-identified 
and markers were replaced as mentioned in the 
methods section. The level of ICC (3,1) for the intra-
testers reliability was excellent for LMM thickness 
measurement in both states of rest [ICC = 0.98 (95% 
CI = 0.92-0.99)] and contraction [ICC = 0.96 (95% 

with a frequency of 7.5 M Hz and a linear array 
probe. The athletes were placed in prone position 
with a pillow under their abdominal region to flat-
ten their lordosis. They were asked to relax in order 
to prevent any muscle contraction. The researchers 
used the iliac crest as a landmark to find lumbar ver-
tebrae, and the top of the crest at the spine was iden-
tified as L4. Palpation was then used to identify other 
lumbar vertebrae, which were delineated by marks 
on the skin. By putting the probe longitudinally, the 
spinous processes of the vertebrae were seen on 
screen. Once each vertebra was found, the probe 
was turned to a transverse alignment. In this view, 
the spinous process and both transverse processes of 
one vertebra were identifiable. The echogenic trans-
verse process of the dominant side of the spine was 
used as a landmark. Dominance was defined by ask-
ing the subject which hand she would use to write. 
The distance between the transverse process and 
the subcutaneous fascia was used as lumbar mul-
tifidus muscle thickness while the subjects were at 
rest. Athletes were asked to elevate their dominant 
arm up to the level of their ear in order to induce 
a contraction of the LMM. At the end of the move-
ment, the muscle thickness was measured (Figure 
3). These subsequent steps and measurements were 

Figure 3. (a) Ultrasound image of lumbar multifi dus muscle at the fi fth level of vertebra with measurement of the muscle thickness 
at rest. (b) Ultrasound image of the lumbar multifi dus contraction consequent to arm lift.
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Table 2. Thickness of lumbar multifi dus muscle in all lumbar segments from L1-L5 in rest in the sway-back and 
control groups expressed as mean and standard deviation (SD) and range (signifi cance level p < 0.05)

CI = 0.88-0.98)]. Excellent values were also found for 
the flexible ruler [ICC = 0.99 (95% CI = 0.97-.099)]; 
and inclinometer [ICC = 0.97 (95% CI = 0.88-0.99)].  

Statistical analysis:
The Shapiro-Wilk test was used to assess for normal 
distribution and the Levene test was used to assess 
the equality of variances.

An ANCOVA was used to assess outcomes using the 
covariate variables such as age, weight, height and 
BMI. Data analysis was then rendered using SPSS 
(version 23). Statistical significance was established 
as p< 0.05.

RESULTS
The measurement of lumbar lordosis was signifi-
cantly less in gymnasts with SBP than the control 
group (p ≤ 0.008) demonstrating decreased lordosis 
in this posture. However, the pelvic tilt difference 
between the two groups was not statically significant 
different.

The thicknesses of the lumbar multifidus muscles 
were less in the SBP group compared to the control 
group in all lumbar segments from L1-L5 at rest, 
but these differences were not statistically signifi-
cant. However, the thickness during contraction as 
induced by the action of arm lift was significantly 
different (p ≤ 0.031) at the level of fifth lumbar ver-
tebra (Tables 2 and 3).

The LMM thicknesses during contraction minus the 
LMM thicknesses at rest indicated that the thickness 
variation was significantly less in gymnasts with 

SBP when compared to the control group at all five 
segments (L1-L4, p < 0.05 and L5, p value < 0.001) 
(Table 4). The measurement of lumbar lordosis (mea-
sured with a flexible ruler) was significantly less in 
gymnasts with SBP than the control group (p ≤ 0.008) 
demonstrating decreased lordosis in this posture. 
However, the pelvic tilt difference between the two 
groups was not statistically significantly different. 

DISCUSSION
In this study, USI was used to evaluate the LMM in 
gymnastic athletes with and without SBP. The thick-
ness of LMM was measured in states of both rest and 
contraction. The variations of thickness between 
the two states are considered a measurement of 
LMM function. Sway-back posture is an adaptation 
of spine that occurs over time with a lot of potential 
side effects. It is not considered an acute injury such 
as those that include sprains, fractures, dislocations, 
muscle strains and contusions.21 Many different vari-
ables contribute to development of SBP, including 
the method of coaching and type of exercises, as well 
as growth and development. 

Postural adaptations and gymnast preference appear 
to be important factors among gymnastic athletes that 
develop SBP. Training volume is another important 
factor and it has been shown that training more than 
400 hours/year may decrease or increase the degree 
of lumbar lordosis,22 hovever, there was no clear differ-
ence between gymnasts volume of training between 
those with SBP and those without. In the current 
study, the athletes with SBP focused more on the vault 
events which requires the straight straddle and tuck 












































































































































































































