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ABSTRACT: Clinical diagnosis and treatment of low back pain may be enhanced through 
the use of imaging modalities. This study investigates the use of rehabilitative ultrasound 
imaging in the physiotherapy management of low back pain associated with dysfunction of 
the transversus abdominis and multifidus muscles. Although encouraging, current evidence 
for integrating rehabilitative ultrasound imaging into clinical practice is weak and several 
knowledge gaps have been identified. In particular, the impact on clinical outcomes needs to 
be determined and well-designed randomized controlled trials investigating effectiveness for 
improving physical therapy assessment and treatment are required before endorsing transla-
tion of rehabilitative ultrasound imaging into clinical practice.

KEY WORDS: ultrasonography, assessment, biofeedback, reproducibility of results, validity, 
motor control

ABBREVIATIONS: ADIM: abdominal drawing in maneuver; ASIS: anterior superior 
iliac spine; BMI: body mass index; CSA: cross-sectional area; CT: computed tomography; 
DMf: deep fibers of the multifidus; EMG: electromyography; ICC: intra-class correlation 
coefficients; KP: knowledge of performance; KR: knowledge of results; LBP: low back 
pain; Mf: multifidus; MRI: magnetic resonance imaging; MVC: maximal voluntary con-
traction; RCT: randomized controlled trials; TrA: transversus abdominis; RUSI: rehabilita-
tive ultrasound imaging; SEM: standard error of measurement; SMf: superficial fibers of 
multifidus; TBC: treatment-based classification

I. INTRODUCTION
The prevalence of low back pain (LBP) is rising. About 100 million workdays are lost 
annually in the United States due to LBP,1 and 60%–80% of adults report experienc-
ing recurrent LBP.2 In those with LBP, activation of the transversus abdominis (TrA) 
muscle is delayed3–5 and morphology of the deep paraspinal multifidus (Mf) muscles 
is altered.6,7 In this population, a specific trunk stabilization exercise program has been 
shown to decrease Mf wasting and correct the patterns of muscle recruitment.8–14 

Rehabilitative ultrasound imaging (RUSI) has enhanced our understanding of the 
importance of TrA and Mf muscles as trunk stabilizers in the rehabilitation of LBP. 
There are numerous advantages to RUSI. It offers a less expensive research tool for 
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evaluating these muscles compared with more traditional methods such as magnetic res-
onance imaging (MRI). RUSI may also be more specific than surface electromyography 
(EMG) and is non-invasive in contrast with needle EMG for detecting morphological 
changes in deep muscle associated with muscle activation.15 

Ultrasound imaging is generated by electrical impulses that vibrate crystalline struc-
tures called transducers,16 which produce high-frequency sound waves. RUSI captures 
the sound waves (echoes) returning from the tissues to the ultrasound transducer and 
converts them into an electrical signal. The electrical signals are displayed for the op-
erator/client to see. The typical mode, b-mode, “generates a cross-sectional image of an 
anatomical region using information gathered from the entire length of the transducer.”16 
M-mode is used to “illustrate the motion of a structure by displaying its depth over 
time.”16 RUSI thus allows for the immediate visualization (real-time imaging) of muscle 
morphology, including length, depth, diameter, cross-sectional area (CSA) and volume, 
and muscle density.17

Over the past decade, the use of RUSI has shifted from a research tool to an emerg-
ing application in physiotherapy assessment, in detecting changes in muscle morphol-
ogy, and in treatment, as a biofeedback tool. For deep muscles such as TrA and Mf, 
RUSI has been used to visualize muscle activity.15 To establish the value of RUSI as a 
research tool, reliability18–23 and validity have been determined.15,21,24,25 A few studies of 
limited quality have used RUSI to assess TrA and Mf muscles during functional activity 
and compared the results with clinically relevant outcomes.18,26,27 As yet, no literature 
has examined its responsiveness to clinically relevant changes. 

The purpose of this paper is to critically evaluate the contribution RUSI may make 
in the management of LBP in physiotherapy practice. Many factors play a role in the 
dynamic stability of the spine and pelvis, such as the pelvic floor muscles and the dia-
phragm; however, these considerations are beyond the scope of this paper. The current 
use of RUSI in measuring TrA and Mf, the clinical application of this tool in relation to 
restoring physical function in clients with LBP through physiotherapy, and future direc-
tions for clinical use and research will be discussed. 

II. CURRENT USE OF RUSI IN THE MANAGEMENT OF CLIENTS WITH LOW 
BACK PAIN
In this section, discussion will focus on an understanding of the anatomy of TrA and Mf, 
and a critical review of the literature describing the use of RUSI as an evaluative and 
feedback tool.

A. Imaging of Transversus Abdominis Muscles

1. Functional Anatomy of Transversus Abdominis Muscles and the 
Dysfunction Observed in Individuals with Low Back Pain

The TrA muscle originates from the inner surface of the lower six costal cartilages, 
the thoracolumbar fascia, the anterior two-thirds of the iliac crest, and the lateral third 
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of the inguinal ligament, and inserts anteriorly into the linea alba and pelvis.28 It acts 
as a stabilizer for the lumbar spine by two proposed mechanisms: (1) by raising intra-
abdominal pressure29 and (2) by resisting rotational and translatory forces.3 TrA is 
activated in anticipation of a predictable force5,29 in a tonic manner independent of 
the direction of the forces acting on the spine.5,30,31 TrA activity increases where there 
is more demand for postural stabilization, such as in upper and lower limb move-
ments32–35 and walking.36 

Clinically, the preferential voluntary activation of TrA has been observed by the 
abdominal drawing in maneuver (ADIM).37–39 During ADIM, TrA has been observed 
to increase in thickness using RUSI40,41 and MRI.42 In individuals with LBP, a greater 
latency in TrA activation or an inability to perform the ADIM has been observed.3–5 
Kiesel et al. found that experimentally induced pain decreased TrA contraction during 
the ADIM in normal controls.43 No published evidence indicates that altered perfor-
mance on this task is directly related to altered motor control; however, the evidence 
that shows TrA activation in anticipation of a task5,29 is suggestive of this relation-
ship.16 

2. Use of RUSI as an Evaluative Tool for Assessing Transversus Abdominis 

a. Imaging Protocols 

The standardized position for assessing TrA is supine with hips/knees flexed (crook 
lying) typically using 5–10 MHz.12,16,25,44–47 A higher frequency curvilinear transducer 
allows for greater visualization of the TrA due to its diverging field of view.48 Various 
placements for the transducer have been proposed, and agreement on a standardized lo-
cation is pending given the wide anatomical distribution of the TrA.49 Each location has 
its benefits and drawbacks in terms of visualizing a certain area of TrA; reliability needs 
to be established for the specific imaging protocol selected. 

b. Reliability

Table 1 summarizes the intra-rater reliability characterized in terms of intra-class corre-
lation coefficients (ICC) and the standard error of measurement (SEM) for RUSI-based 
measures of TrA muscle thickness. For b-mode, the ICC varies from 0.62 to 0.99 and 
the SEM varies from 0.10 to 0.31 mm. For m-mode, ICC varies from 0.82 to 0.98 and 
the SEM varies from 0.35 to 0.66 mm.18,25,45–47,50–52 The reliability studies involved small 
sample sizes, as they were done to establish the protocol to be used in a larger study 
designed to test a research hypothesis. Springer et al. found that an average of three tri-
als at rest and with the ADIM reduces the SEM by more than 50%.46 Half of the studies 
averaged only two trials per session. SEM values remain relatively high compared to 
the resting thickness of TrA. TrA muscle thickness at rest can be as little as 3.6 mm in 
females positioned in supine crook lying.45 The intra-rater and inter-rater reliability of 
measuring TrA in healthy subjects has been studied using different transducer locations. 



Critical Reviews™ in Physical and Rehabilitation Medicine

282 Cheng & MaCIntyre

TA
B

LE
 1

. R
el

ia
bi

lit
y 

of
 R

U
SI

 M
ea

su
re

s 
of

 th
e 

Tr
an

sv
er

su
s 

A
bd

om
in

is
 M

us
cl

e 
in

 H
ea

lth
y 

Su
bj

ec
ts

R
ef

Sa
m

pl
e 

Si
ze

M
od

e
Tr

an
sd

uc
er

 L
oc

at
io

n/
Im

ag
in

g 
Pr

ot
oc

ol
O

ut
co

m
e

In
tr

a-
R

at
er

 R
el

ia
bi

lit
y

In
te

r-
R

at
er

 R
el

ia
bi

lit
y

R
el

at
iv

e
(IC

C
)

A
bs

ol
ut

e
(S

EM
, m

m
)

R
el

at
iv

e
(IC

C
)

A
bs

ol
ut

e
(S

EM
, m

m
)

18
22

m
B

et
w

ee
n 

12
th

 ri
b 

an
d 

A
S

IS
 / 

3 
ou

tc
om

e 
m

ea
su

re
s 

on
 3

 d
iff

er
en

t o
cc

as
io

ns
su

pi
ne

0.
94

0.
35

N
on

e
N

on
e

st
an

di
ng

0.
88

 
0.

66
 

tre
ad

m
ill

 w
al

k-
in

g 
(3

 k
ph

)
0.

88
0.

56
 

46
32

b
S

up
er

io
r t

o 
ili

ac
 c

re
st

 a
lo

ng
 m

id
-a

xi
lla

ry
 li

ne
 / 

A
t r

es
t 

an
d 

du
rin

g 
A

D
IM

1 
tri

al
N

R
N

R
 

0.
93

-0
.9

9
0.

32
-0

.8
0

3 
tri

al
s

0.
98

–1
0.

13
–0

.3
5 

51
19

b
M

id
w

ay
 b

et
w

ee
n 

th
e 

in
fe

rio
r a

ng
le

 o
f t

he
 ri

b 
ca

ge
 

an
d 

th
e 

ili
ac

 c
re

st
 / 

A
t r

es
t, 

co
nt

ra
ct

ed
; c

ha
ng

es
 in

 
sl

id
e

3 
m

ea
su

re
s 

on
 s

am
e 

im
-

ag
e

0.
78

–0
.9

7
N

R
N

R
 

N
R

 

 3
 tr

ia
ls

 
0.

62
–0

.8
2 

ac
ro

ss
 2

 d
ay

s
0.

63
–0

.8
5

25
13

b,
 m

25
 m

m
 a

nt
er

om
ed

ia
l t

o 
th

e 
m

id
po

in
t b

et
w

ee
n 

rib
s 

an
d 

ili
um

 / 
3 

m
ea

su
re

s 
do

ne
 o

n 
2 

se
pa

ra
te

 d
ay

s
b-

m
od

e
0.

99
N

R
N

R
 

N
R

m
-m

od
e

0.
98

b-
m

od
e 

an
d 

m
-m

od
e

0.
82

45
10

b
B

el
ow

 ri
b 

ca
ge

 in
 d

ire
ct

 v
er

tic
al

 a
lig

nm
en

t w
ith

 A
S

IS
 

/ A
t r

es
t, 

2 
tri

al
s 

ta
ke

n 
ea

ch
 1

 w
ee

k 
ap

ar
t

2 
tri

al
s

0.
98

–0
.9

9 
N

R
N

R
N

R
te

st
-r

et
es

t
0.

96
–0

.9
9 

50
10

b
H

al
fw

ay
 b

et
w

ee
n 

A
S

IS
 a

nd
 lo

w
er

 ri
b 

al
on

g 
an

te
rio

r 
ax

ill
ar

y 
lin

e 
/ D

ur
in

g 
in

sp
ira

tio
n 

an
d 

ex
pi

ra
tio

n,
 2

 
m

ea
su

re
s,

 s
up

in
e 

ly
in

g 
an

d 
si

tti
ng

 o
n:

 c
ha

ir,
 g

ym
 

ba
ll 

an
d 

gy
m

 b
al

l l
ift

in
g 

th
e 

le
ft 

fo
ot

 o
ff 

th
e 

flo
or

0.
97

–0
.9

9
N

R
N

R
 

N
R

47
30

b
S

up
er

io
r t

o 
ili

ac
 c

re
st

 a
lo

ng
 m

id
-a

xi
lla

ry
 li

ne
 / 

D
ur

in
g 

A
D

IM
, 2

 m
ea

su
re

s
0.

93
–0

.9
8

0.
13

–0
.3

1
N

R
 

N
R

52
15

b
S

up
er

io
r t

o 
ili

ac
 c

re
st

 a
lo

ng
 m

id
-a

xi
lla

ry
 li

ne
 / 

3 
m

ea
su

re
s

at
 re

st
0.

98
0.

1
N

R
N

R
du

rin
g 

A
D

IM
0.

97
0.

2
R

U
S

I: 
re

ha
bi

lit
at

iv
e 

ul
tra

so
un

d 
im

ag
in

g;
 T

rA
: t

ra
ns

ve
rs

us
 a

bd
om

in
is

; I
C

C
: i

nt
ra

-c
la

ss
 c

or
re

la
tio

n 
co

ef
fic

ie
nt

; S
E

M
: s

ta
nd

ar
d 

er
ro

r o
f m

ea
su

re
-

m
en

t; 
A

S
IS

: a
nt

er
io

r s
up

er
io

r i
lia

c 
sp

in
e;

 N
R

: n
ot

 re
po

rte
d;

 A
D

IM
: a

bd
om

in
al

 d
ra

w
in

g 
in

 m
an

eu
ve

r.



Volume 22, Number 1–4, 2010

Real-Time Ultrasound Imaging in Physiotherapy Evaluation and Treatment of Low-Back Pain 283

When comparing two transducer locations to measure TrA thickness, a significant dif-
ference was found between the two sides in both genders.45

Bunce et al. used a hands-free transducer fixed to a belt to measure TrA activity dur-
ing the functional task of walking in 22 subjects (Table 1).18,26 The increase in muscle 
thickness during functional tasks may exceed 1 mm,26 and that may explain why the 
SEM value of measures taken during walking is lower than the SEM measures taken 
during standing. The potential exists for changes to be observed beyond the error of the 
measurement.18,26 These preliminary results show good agreement between measure-
ments taken in different positions and those taken using a hands-free transducer during 
weight-bearing functional tasks.

Further studies need to identify other methods of reducing the SEM. Seven poten-
tial ways to reduce SEM have been identified. One strategy is to measure muscle thick-
ness at multiple locations along the muscle belly.53 A second strategy is to measure 
over multiple trials due to the variability in submaximal or maximal contractions.49 A 
third strategy is related to training of the assessor. Most studies do not mention the 
skill level of the assessor. Hides et al. examined intra-rater and test-retest reliability 
with a novice assessor, having 9 hours of training and an expert.42 Reliability was 
lower than that reported with other studies (ICC = 0.62–0.85, Table 1).51 A fourth 
strategy relates to training the subject prior to the actual testing, as incorrect activa-
tion of TrA may influence the reliability of the measure. A fifth strategy relates to 
maintaining consistent patient position and orientation, and the matching inward pres-
sure of the ultrasound transducer, particularly when measuring during limb motions, 
or during any task that could increase the intra-abdominal pressure.16 A sixth strategy 
is to limit extra motion produced by the transducer, which would result in an image 
that is based on transducer movement rather than on changes in muscle thickness.49 
A seventh strategy is to measure at the same point in the cycle of respiration. Dur-
ing inspiration, abdominal expansion causes a thinning of TrA.50,54,55 In some studies, 
resting muscle thickness was measured at the end of quiet inspiration when there was 
no detectable EMG activity,56 at the end of expiration,45,51 or without reference to the 
respiratory phase.25 These seven strategies are important considerations to improve 
reliability when examining the TrA in people with and without LBP. 

c. Validity 

The concurrent construct validity of RUSI in measuring TrA muscle thickness has been 
established using EMG measurements of muscle activity. Hodges et al. found a curvi-
linear relationship between RUSI and EMG.15 As TrA contracts, the muscle shortens in 
length and thus increases in thickness. During an isometric activity, the initial changes 
in muscle thickness occurred from a resting state to 20% of the maximal voluntary con-
traction (MVC), and then plateaued with MVC > 20%. This curvilinear relationship is in 
agreement with results seen in other peripheral muscles.57–59 During an isometric (fixed-
end) contraction at a low force, initial small changes produce relatively large changes in 
the muscle fascicle length, and the change in muscle fascicle length gradually becomes 



Critical Reviews™ in Physical and Rehabilitation Medicine

284 Cheng & MaCIntyre

smaller as the force increases.60 RUSI detects lower levels of TrA muscle activity (12% 
MVC), but cannot discriminate between moderate and strong contractions.60 In contrast, 
McMeeken et al. plotted the data and found a linear relationship between changes in TrA 
muscle thickness and EMG activation during an isometric contraction.25 Plotting EMG 
activity and muscle thickness at each level of MVC, the evidence appears to support 
each study.25 However, the authors did not determine whether a curvilinear relationship 
could have fit their data more accurately.25 Due to the small sample sizes, it is unclear 
whether the evidence supporting the relationship between EMG and muscle thickness in 
TrA is curvilinear or linear. 

As MRI is widely considered the gold standard for measuring muscle morphology, 
Hides et al.42 compared MRI measures of trunk CSA and RUSI measures of changes 
in TrA thickness at rest and with the ADIM. During ADIM, trunk CSA symmetrically 
decreased significantly on both sides and correlated with RUSI measurements of muscle 
thickness (ICC = 0.84 to 0.94) and fascial slide (ICC = 0.78–0.91). The anterior slide of 
the TrA fascia has been proposed as a proxy measurement for CSA.49 The mean (SD) 
slide was 1.54 (0.38) cm and 1.48 (0.35) cm for the left and rights sides, respectively. 
This study was done on 13 male elite healthy cricket players; therefore, the high cor-
relations may not be found in the general population. Overall, there is minimal literature 
supporting the criterion validity of RUSI in measuring TrA muscle thickness with trunk 
CSA. 

Table 2 summarizes the differences in imaging protocols, study populations, and 
statistical analyses that may account for different results when comparing TrA thickness 
and EMG activity. Given that there are differences in thickness of TrA associated with 
gender and body mass index (BMI, kg/m2),45,46 it is important to take these factors into 
account. Longer contractions and shorter rest periods used in one protocol may have 
resulted in greater muscle fatigue, and this may explain the plateau seen at the higher-
intensity contractions.15 The curvilinear relationship may explain the isometric contrac-
tion used in Hodges et al.,15 whereas a linear relationship may be more indicative of a 
concentric contraction measured during ADIM.25 Future studies should include larger 
samples of men and women with standardized protocols for patient position, point in 
the respiratory cycle, and length of TrA contraction and rest intervals. Measuring TrA 
at the end of relaxed expiration, when the respiratory muscles are relaxed and the glot-
tis is open to avoid bracing, seems appropriate for minimizing error. MVC should be 
performed prior to data collection, and a set % of MVC should be performed. Inclusion 
of different types of TrA contractions (e.g., isometric, concentric) as well as comparing 
trunk muscle activity to peripheral muscle activity will give a better understanding of 
the relationship between EMG activity and RUSI measurements of TrA thickness in 
healthy versus pathological conditions.

3. Use of RUSI as a Treatment Tool for Transversus Abdominis Dysfunction 

Motor learning is a key factor in retraining dysfunctional TrA in certain individuals with 
LBP. The premise for using RUSI as a treatment tool for TrA dysfunction is based on 
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the principles of motor learning. A theory proposed by Fitts and Posner considers learn-
ing as occurring in three main stages: cognitive, associative, and autonomous.61 During 
the cognitive phase, focus is on feedback, movement sequence, and instruction during 
repetitive practice.22 This initial phase may be where visual biofeedback from RUSI 
plays a role to improve voluntary activation of the muscle. RUSI also provides knowl-
edge of results (KR),62 presenting information to the learner about the outcome of the 
task (e.g., increase in muscle thickness in centimeters). It can also provide knowledge 
of performance (KP), information related to movement characteristics that contribute 
to a particular performance outcome (e.g., showing a RUSI real-time video during or 
after the performance of the task).63 It is important to distinguish motor learning from 
performance. Learning is inferred whereas performance is observable. Performance is 
the ability to demonstrate a permanent improvement in an observable behavior during a 
retention or transfer test conducted without feedback.64

Table 3 summarizes the randomized controlled trials (RCT) using RUSI to enhance 
performance and motor learning with respect to TrA activation. RUSI is reported to 
facilitate learning the ADIM in a population with and without LBP, thus reducing the 
number of trials needed to correctly perform the ADIM.44,65 Although RUSI appears 
to facilitate initial learning of ADIM, no significant group difference was observed in 
retention of correct ADIM performance 4 days following training (Table 3).44 Due to 
the small number of individuals in each group who successfully learned the ADIM, 
this study was underpowered to detect a true difference; thus the contribution of RUSI 
to retention is inconclusive for healthy subjects.44,65 The results summarized in Table 3 
suggest that the effectiveness of RUSI in enhancing motor learning and performance 
in individuals with LBP may depend on the duration of symptoms. RUSI biofeedback 
did not enhance ADIM performance in individuals with a history of LBP of less than 3 
months.48 In contrast, motor learning of the ADIM was enhanced in a group of individu-
als with chronic LBP (greater than 76 months).65 These results suggest that RUSI may 
be beneficial as a biofeedback tool for individuals with more chronic LBP; however, 
rater bias may have occurred in this study, as the person who instructed the ADIM also 
assessed the subjects during the initial and retention testing.65 In the other studies sum-
marized in Table 3, the assessors were blinded to the training condition.48,66 Despite the 
Level 1 evidence, the interpretation of the results is limited because RUSI was used as 
both the intervention and the outcome measure in these trials. 

TABLE 2. Imaging Protocols Used to Compare TrA Thickness and EMG Activity 
Ref Subjects and Positioning Location of Transducer Length of Contractions
15 3 healthy males, reclined 

sitting
10 cm from midline at 
midpoint between ribs and 
ilium 

5-sec contractions, with 
1–2 min rest between

25 9 healthy subjects (4 
males), supine, knees 
flexed to 20°

25 mm anteromedial to 
the midpoint between ribs 
and ilium

2–3 sec contractions with 3 
min rest between

TrA: transversus abdominis; EMG: electromyography.
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B. Imaging of Multifidus Muscles 

1. Functional Anatomy of Multifidus Muscles and the Dysfunction 
Observed in Individuals with Low Back Pain 

The lumbar Mf muscles consist of short, triangular muscular bundles originating from 
the posterior aspect of the sacrum, aponeurosis of erector spinae, posterosuperior iliac 
spines, sacroiliac ligaments, and mammillary processes of lumbar vertebrae.28 Muscular 
bundles that insert between two to five spinal levels caudally are the superficial fibers 
of the multifidus (SMf), whereas those that cross only two spinal levels are the deep 
fibers of the multifidus (DMf).67 A recent review of the literature challenges the com-
mon clinical belief that the DMf act tonically while SMf acts phasically.67 Saunders 
et al.36 recorded muscle activity using intramuscular electrodes during gait and found 
that both DMf and SMf are activated phasically during ipsilateral and contralateral heel 
strike. Mosley et al. found that DMf is active in a nonspecific direction in a feedforward 
manner during rapid arm movements,68 while SMf activity depends on the direction of 
the arm movement. Input from higher centers likely elicits different activation patterns 
during functional tasks.68 The emerging evidence of the DMf and SMf activation pat-
terns will need to be supported by larger sample sizes as well as examining whether the 
activations change during an episode of LBP. 

Segmental stiffness and stabilization is provided by Mf muscles to control segmen-
tal spinal movement, as observed in biomechanical studies.69 In one study, seven cadav-
eric lumbar spine specimens devoid of soft tissue were loaded in flexion/extension, and 
cables simulating the lumbar musculature revealed that Mf muscles contribute to two-
thirds of the stiffness at the L4/5 level.70 It is important to consider that all trunk muscles 
contribute to spinal stability71–75 and that the forces on the vertebral column may differ 
in vivo as compared with the forces simulated in vitro. 

a. Co-contraction with Transversus Abdominis During Function 

Like TrA, DMf is also active in a non-direction-specific feedforward manner in prepa-
ration for perturbations of the spine.68 Although Mf and TrA act as spine stabilizers, 
evidence to support that these muscles co-contract during the ADIM or functional tasks 
is lacking.67 As of yet, no study has recorded EMG activity in both these muscles simul-
taneously. Although the training to achieve co-activation of TrA and Mf muscles may 
not restore typical activation patterns, this may compensate for other deficits by restor-
ing intervertebral stability.67

b. Evidence of Multifidus Wasting and Recovery in Low Back Pain 

Large single-blind RCTs provide strong evidence that retraining Mf during the early 
phases of rehabilitation reduces the recurrence of LBP. This has been shown in indi-
viduals following the first episode of acute LBP,13 in individuals with spondylolysis and 
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spondylolisthesis,10 and in individuals with moderately chronic LBP.11

The Mf muscle CSA can decrease rapidly with the first episode of acute LBP (within 
3 days of onset) and does not appear to recover spontaneously.7,12 Muscle wasting is iso-
lated to one vertebral segment level ipsilateral to the painful side7 and is associated with 
histochemical changes.76 The rapid ipsilateral and segmental reduction in CSA localized 
to the site of injury indicates that the mechanism of wasting was not generalized atrophy 
from disuse. Rather, it may be that perceived pain inhibits the specific vertebral level via 
the long loop reflex.77 However, Kiesel et al. found no statistical difference in Mf size on 
the painful side or side-to-side asymmetry in 56 subjects with acute LBP using RUSI.52 
Conflicting findings may be due to different sample population groups, as Hides et al. 
examined a younger population (aged 17–46 years) with first-time acute LBP with uni-
lateral symptoms,7 while Kiesel et al. studied a slightly older sample (aged 18–60 years) 
that included individuals with acute and chronic LBP.52 In a computed tomography (CT) 
study examining individuals with chronic LBP, generalized atrophy was found, but the 
Mf CSA area was increased on the symptomatic side.78 Thus adaptive changes may 
occur in chronic LBP subjects.52,78 There are still discrepancies in the literature as to 
whether side-to-side differences in Mf muscle thickness exist at the segment of dysfunc-
tion, and chronicity may play a factor in these conflicting findings. 

2. Use of RUSI as an Evaluative Tool for Assessing Multifidus

a. Imaging Protocols

The standardized position for assessing Mf is side-lying, as some clients cannot toler-
ate lying prone and position does not affect muscle size measurements at rest.79 The 
standardized position optimizes the reliability of the measurement but is not necessarily 
optimal for Mf training purposes.16 A curved transducer with a frequency of 5 MHz19,79 
or a linear transducer with a frequency of 7 MHz17,24 is used. The transducer is placed 
immediately lateral to the spinous process.16

b. Reliability 

Table 4 shows that the reliability of RUSI to measures of Mf is fair to excellent (ICC = 
0.72–0.98). Unlike most studies involving experienced assessors, Pressler et al. reported 
a lower reliability (ICC = 0.72) for a novice physical therapist with 3 hours of training 
and practice,20 compared with other studies using senior researchers. Although increas-
ing the number of trials reduces the SEM,46 most studies averaged results from only two 
trials (Table 4). A low SEM is desirable in order to assess change post-intervention given 
that the CSA area can be as low as 5.55 cm2 in females and as high as 7.87 cm2 in males 
at L4/L5.19 

The reliability studies summarized in Table 4 were done to establish the protocol 
to be used in larger sample size study designs to test hypotheses. The studies have ex-
amined Mf at rest in healthy subjects, and a reliable method of measuring Mf muscle 
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thickness in individuals with LBP has yet to be developed. Measuring Mf muscle during 
a contraction presents more of a challenge because Mf activation is harder to retrain due 
to the subtle movement, which is less palpable compared with TrA activation. For the 
purpose of studying Mf muscle activation, one study measured automatic recruitment 
during a prone arm lift.52 Protocols to ensure correct activation during the retraining of 
an isolated Mf contraction must be developed before evaluating the reliability of RUSI-
based measures of Mf muscle morphometry. 

c. Validity

Hides et al. compared bilateral CSA measurements at L2 to S1 using MRI and RUSI on 
two separate days in healthy young individuals.24 No significant difference was observed 
in CSA measurements in supine (MRI) and prone lying (RUSI) positions. For both mo-
dalities, no significant difference was demonstrated in the CSA of Mf muscles between 
levels or either side of L2 to S1. Stokes et al. found that measures of parasagittal Mf 
muscle thickness correlated with measures of Mf muscle CSA in healthy individuals 
(r = 0.94–0.96).19 This direct correlation may not apply to an LBP population where 
changes in muscle density are observed.7 Decreased muscle density can be caused by 
fatty infiltration of fibers,80,81 which may increase the echogenicity of muscles, making 
them appear whiter on the image.19 This brighter image can also be influenced by the 
operator’s gain settings.77 Thus, the validity of RUSI to measure changes in fatty tissue 
in Mf muscle is unknown. 

EMG measures of Mf muscle activity are strongly correlated to RUSI measures of 
changes in Mf muscle thickness (r = 0.79, p < .001).21 In agreement with findings for 
TrA (section B2) and other muscles, this relationship is curvilinear.15,57–59 A prone arm-
lifting task with increasing resistance produced automatic ipsilateral Mf recruitment 
equivalent to 19% to 34% of maximum effort. In the last two levels of increased load, 
no significant changes occurred in Mf muscle thickness, while EMG signals continued 
to increase.21 The limitation with this study was that volitional contractions were not 
matched to a set level of activation.21 In a study using rapid arm-lifting movements, m-
mode RUSI was used concurrently with EMG to test the validity of RUSI for measuring 
onset of Mf muscle activation.82 With a small systematic delay (21 ms for EMG and 24 
ms for RUSI), visual determination of the onset of Mf muscle activation using RUSI 
was 16 ms less than EMG.82 In summary, further studies using EMG are required to 
validate the measures of Mf muscle activation acquired using RUSI. 

3. Use of RUSI as a Treatment Tool for Multifidus Dysfunction 

Two studies have examined the use of RUSI as a biofeedback tool for treating Mf mus-
cle dysfunction. In a RCT of 25 healthy subjects, the group receiving RUSI biofeed-
back achieved greater improvements in Mf muscle performance, which were retained 1 
week after discontinuing the RUSI feedback.22 In contrast, the retention of Mf muscle 
performance in the control group decreased.22 In the control group, KP was given by 
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means of clinical instructions only, whereas the intervention group was given concur-
rent visual KP and verbal KR at the end of the performance based in RUSI images and 
measurements in addition to the clinical instruction.22 Feedback was given during and 
after every trial.22 In a RCT of 41 individuals with acute, first-time unilateral LBP, ipsi-
lateral reduction in CSA of the Mf muscle was found.12 Symmetry of Mf muscle CSA 
was restored in the RUSI intervention group within 4 weeks.12 Furthermore, recurrence 
rate was lower at 1- and 3-year follow-up in the group who received Mf muscle train-
ing using RUSI biofeedback.12 No information was reported on the frequency, type, and 
timing of the feedback, nor whether motor learning and performance were assessed.12 
For both studies, a third control group given Mf muscle exercise without RUSI feedback 
would have been beneficial to determine whether RUSI augmented the recovery of Mf 
muscle function.12,22 

III. CLINICAL APPLICATION
To date, the application of RUSI has focused on measuring changes in TrA and 

Mf muscle thickness during contraction. Muscle morphology is three-dimensional, with 
changes in length, width, and angulation as the muscle fibers move relative to each other 
during contractions. Two-dimensional RUSI does not fully quantify the morphological 
changes. Furthermore, the complexity of muscle function is not captured by changes in 
morphology alone. As previously discussed (sections A2 and B2), the force of muscle 
contraction quantified as change in muscle thickness is not directly related to the muscle 
activity measured by EMG at higher levels of contraction.15,83 Muscle activation is an 
important factor in muscle function. Motor control of TrA and Mf muscles involves 
feedforward mechanisms in preparation for limb movements32–35 as well as coordinated 
muscle activation during functional tasks.36 Although most of these activities are invol-
untary, retraining dysfunctional TrA and Mf muscles requires isolated voluntary activa-
tion. Yet there is no direct evidence to indicate that the inability to perform this task 
voluntarily is due to altered involuntary motor control. Quantification of motor function 
is complex; the relationship with other body functions (cognitive, sensory) and sys-
tems (neuromusculoskeletal, respiratory, digestive, cardiovascular) also influence motor 
function.83 Therefore, the debate continues regarding what outcomes provide the most 
clinically relevant information for retraining motor function.83

If RUSI is to be integrated into clinical practice, the changes in muscle thickness in 
TrA and Mf muscles with training need to translate into positive clinical outcomes. Most 
studies have evaluated TrA and Mf muscles in non-weight-bearing positions, which 
are not relevant to most daily functional activities. Measures of TrA muscle thickness 
observed in supine positions are comparable during standing, walking, and unilater-
al weight bearing.18,26,51 It is unknown whether changes in Mf muscle morphology in 
prone positions are similar to those that occur during functional tasks. RUSI measures 
TrA muscle morphology reliably in standing and walking,18,26 and bilateral activation of 
TrA muscles was observed in a simulation of functional activity involving a unilateral 
weight-bearing activity in a supine position.27 This bilateral muscle activation seen in 
a unilateral weight-bearing supine position has not been measured during standing and 
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walking. Understanding the relationship between RUSI measurements of TrA and Mf 
muscle and functional activities is important in order to confirm clinical relevance of 
these findings.

Another challenge in integrating RUSI into clinical practice is the training of 
physical therapists to use this tool. Accurate measurements are highly dependent on 
mastering the knowledge and skills required for image generation, measurement, and 
interpretation.16 In Canada, a RUSI residency program for licensed physical therapists 
is offered by J. Whittaker in British Columbia.84 It includes a total of 25 consecu-
tive hours of training with senior therapists, in a one-on-one format involving some 
lectures, pre-assigned and daily readings, and practical sessions.84 Compared to train-
ing received by an ultrasound technician, this residency program is not extensive. 
However, the application of ultrasound imaging is restricted to measures of muscle 
morphology in the lumbopelvic region. It is unclear whether 25 hours is sufficient for 
mastering this skill, especially as ongoing mentoring would be needed.

Rehabilitation of LBP has moved away from patho-anatomical classifications, to-
ward classification systems based on clinical examination and history. One such ap-
proach is the treatment-based classification (TBC) system,85 which classifies patients 
into four main categories: (1) direction-specific exercises (flexion or extension), (2) mo-
bilization (manipulation), (3) stabilization, or (4) traction. Therefore, it is important to 
identify subgroups of patients with LBP for appropriate clinical decision-making. Of 
note, deficits in the ability to generate muscle thickness changes in TrA and Mf were 
observed in all TBC categories.52 Using RUSI, Hicks et al. developed a preliminary 
clinical prediction rule for determining which people with LBP will respond to a stabili-
zation exercise program.86 Further research is needed to determine whether RUSI aids in 
identification and treatment of altered motor control in a subgroup of people with LBP.

RUSI has potential benefits in enhancing clinical decision-making. For clinicians, 
the extent of atrophy of the TrA and Mf muscles can be underestimated and difficult to 
measure. Minimal literature exists regarding other methods of measuring ADIM. One 
study used pressure biofeedback and indicated that it may be a useful tool to assess and 
retrain abdominal muscle function.87 RUSI can be used as an assessment tool for identi-
fying TrA and Mf muscle impairments, thus assisting in formulating specific treatment 
plans. It can be used as an outcome measure for lumbar dysfunction by establishing 
baseline measurements of TrA and Mf muscle morphometry and documenting changes 
over time in these outcome measures. Although no studies have reported sensitivity and 
specificity of RUSI-based measures comparing those with LBP and a healthy control 
group, RUSI-based measures have been able to detect muscle changes in individuals 
with pathology and in healthy individuals. As well, RUSI can be used as a treatment tool 
to provide feedback to both the physical therapist and the client to determine whether 
the client learns to control TrA and Mf muscles more effectively with verbal or tactile 
cueing. The potential benefits are appealing, and these questions need to be further ex-
plained with future research. 

There are both advantages and disadvantages to using RUSI. Soft-tissue imaging 
of muscle using RUSI is comparable to MRI88 and has the advantages of ease of ac-
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cessibility and lower cost. It is non-invasive, in contrast with CT and intramuscular 
EMG, and is relatively quick to administer. The disadvantages of RUSI are that it has 
a relatively limited field of view and is largely operator dependent for accurate imag-
ing. Furthermore, its clinical effectiveness and safety need to be evaluated in order for 
cost effectiveness to be established. The frequent use of RUSI (i.e., once or twice per 
week consecutively) may pose safety concerns for the patient. There are no known 
adverse effects of RUSI, as higher intensity sound waves are not required as is the 
case with therapeutic ultrasound machines; however, further research is needed to in-
vestigate the effect of frequent use. It is important to note that RUSI does not replace 
clinical assessment skills and clinical decision-making. Instead, it should be viewed as 
an adjunctive tool used to enhance the quality of care.89 Given the challenges of pal-
pating TrA and Mf muscles, the advantages of quantifying muscle activity are clear. 
However, further investigation is required to establish value added prior to translation 
of RUSI to the clinical setting.

IV. RECOMMENDATIONS FOR CLINICAL PRACTICE AND FUTURE RESEARCH

RUSI has shown promise as a reliable and valid tool for measuring TrA and Mf mus-
cle morphology in healthy individuals; however, further research is needed to establish 
the measurement properties of RUSI in people with dysfunctional muscles. Although 
Stokes (2005) found linear measurements to be predictive of TrA CSA at rest,19 the 
predictive value of a linear relationship needs to be established for different states (rest-
ing, contracted, atrophied, or hypertrophied),77 and different subgroups of people with 
LBP. As well, the relationship between RUSI-based measures and EMG recordings in 
different subgroups of individuals with LBP and during different types of contractions 
(concentric, eccentric) needs to be determined. Across-day reliability is key for RUSI 
to be able to detect changes that occur that are within the margin of measurement er-
ror. Standardized protocols are needed for appropriate application in research and clini-
cal practice. Normative data for establishing reference values (i.e., age, gender, height, 
weight, BMI, ethnicity, geographic distribution, and levels of habitual physical activity) 
is becoming available for Mf thickness at each spinal level and for TrA thickness.19,46,90,91 
These values are important for the clinical interpretation of RUSI measures.19 However, 
the contribution of non-contractile tissue (e.g., fatty infiltrates) to the CSA of the muscle 
needs to be quantified to determine true muscle size, particular in subjects with chronic 
pain and aging.77 This will establish the validity of using RUSI as a tool for estimating 
changes in muscle function associated with pathological conditions. 

The effect of RUSI on client behavior, perception of disability, and chronicity re-
mains to be explored. As seen with MRI, knowledge of pathological condition has led 
to more disability and surgeries.92 Similar to the traditional educational approach based 
on explaining the spinal anatomy, biomechanics, and pathology, RUSI results may cre-
ate a “labeling effect” (giving a certain diagnosis to a client), which may influence the 
pain experience.94,94 Similarly, the focus on the performance of ADIM may also have a 
negative effect on disability. Future research should address the effect of KP on client 
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perception of disability and its effect on functional outcomes. 
The biofeedback principle has been developed through studies on upper- and lower-

extremity tasks.95–98 However, due to the different descending control systems, size of 
motor units, and available intrinsic feedback in the extremity muscles, this principle 
may not apply for trunk muscles.48 Future studies should address how practice sched-
ules (amount of training time, frequency of sessions, number of practice trials per ses-
sion) and feedback parameters (type, amount of feedback, timing of feedback) affect 
the learning and training of trunk-muscle activation. As well, the optimal period to test 
for retention or transfer of learning, and the transference of motor learning in the ini-
tial learning position (e.g., crook lying) versus in functional tasks, needs to be tested. 
In the clinical setting, it is important for the physical therapist to identify substitution 
patterns that may occur during ADIM, as these can affect the results of the learning 
process. In future research protocols, a single-blind RCT should be completed to inves-
tigate the effect of Mf and TrA muscle training with and without RUSI as biofeedback 
to test whether RUSI augments learning and improves clinical outcomes. As well, the 
appropriate timing of feedback using RUSI during the different stages of motor learn-
ing has yet to be evaluated.48 Clearer definitions and parameters of the quantification 
of performance and transfer of learning needs to be provided in order to understand its 
functional implications.66 The short- and long-term clinical outcomes of enhanced mo-
tor performance need further investigation.66 In the clinical setting, questions such as 
whether RUSI measurement of muscle thickness contraction and timing of contractions 
change with physiotherapy intervention, as well as whether changes in RUSI measure-
ments correlate with changes in clinical outcomes, need to be explored.99

V. CONCLUSION

The current level of evidence for incorporating RUSI into clinical practice is weak; 
however, the emerging research is promising. Well-designed RCTs are required, and 
the link between RUSI and clinical outcomes must be addressed. The current literature 
review has provoked further questions that need to be explored before use of this tool in 
clinical practice can be recommended.

REFERENCES

1. Johanning E. Evaluation and management of occupational low back disorders. Am J Ind 
Med. 2000;37(1):94–111.

2. Waddell G, Burton AK. Occupational health guidelines for the management of low back 
pain at work: evidence review. Occup Med. 2001;51(2):124–35.

3. Hodges PW, Richardson CA. Inefficient muscular stabilization of the lumbar spine asso-
ciated with low back pain. Spine. 1996;27:682–92.

4. Hodges PW, Richardson CA. Delayed postural contraction of transversus abdominis in low 
back pain associated with movement of the lower limb. J Spinal Disord. 1998;11(1):46–
56.



Volume 22, Number 1–4, 2010

Real-Time Ultrasound Imaging in Physiotherapy Evaluation and Treatment of Low-Back Pain 295

5. Hodges PW. Is there a role for transversus abdominus in lumbo-pelvic stability? Man Ther. 
1999;4(2):74–86.

6. Rantanen J, Hurme M, Falck B, Alaranta H, Nykvist F, Lehto M, Einola S, Kalimo H. The 
lumbar multifidus muscle fiver years after surgery for a lumbar intervertebral disc hernia-
tion. Spine. 1993;18:586–94.

7. Hides JA, Stokes MJ, Jull GA, Cooper RG. Evidence of lumbar multifidus muscle wasting 
ipsilateral to symptoms in patients with acute/subacute low back pain. Spine. 1994;19:165–
72.

8. Stevens VK, Coorevits PL, Bouche KG, Mahieu NN, Vanderstraeten GG, Danneels LA. 
The influence of specific training on trunk muscle recruitment patterns in healthy subjects 
during stabilization exercises. Man Ther. 2007;12:271–79.

9. Danneels LA, Vanderstraeten GG, Cambier DC, Witvrouw EE, Bourgois J, Dankaerts W, 
De Cuyper HJ. Effects of three different training modalities on the cross-sectional area 
of the lumbar multifidus muscle in patients with chronic low back pain. Br J Sports Med. 
2001;35:186–91.

10. O’Sullivan PB, Phyty GD, Twomey LT, Allison GT. Evaluation of specific stabilizing 
exercise in the treatment of chronic low back pain with radiologic diagnosis of spondylo-
lysis or spondylolisthesis. Spine. 1997;22(24):2959–67.

11. Moseley G. Combined physiotherapy and education is efficacious for chronic low back 
pain. Aust J Physiother. 2002;48(4):297–302.

12. Hides JA, Richardson CA, Jull GA. Multifidus muscle recovery is not automatic after 
resolution of acute, first-episode low back pain. Spine. 1996;21:2763–69.

13. Hides JA, Richardson CA, Jull GA. Long-term effects of specific stabilizing exercises for 
first-episode low back. Spine. 2001;26:E243–48.

14. Hides J, Stanton W, Mcmahon S, Sims K, Richardon CA. Effect of stabilization training 
on multifidus on muscle cross-sectional area among young elite cricketers with low back 
pain. J Orthop Sports Phys Ther. 2008;38(3):101–8.

15. Hodges PW, Pengel LH, Herbert RD, Gandevia SC. Measurement of muscle contraction 
with ultrasound imaging. Muscle Nerve. 2003;27:682–92.

16. Whittaker JL. Ultrasound imaging for rehabilitation of the lumbopelvic region a clinical 
approach. Philadelphia, PA: Elsevier Churchill Livingstone; 2007.

17. Whittaker JL, Teyhen D, Elliot JM, Cook J, Langevin HM, Dalhl HH, Stokes M. Reha-
bilitative ultrasound imaging: understanding the technology and its application. J Orthop 
Sports Phys Ther. 2007;37(8):434–49.

18. Bunce S, Moore A, Hough A. M-Mode ultrasound: a reliable measure of transversus abdo-
minis thickness? Clin Biomech. 2002;17(4):235–324.

19. Stokes M, Rankin G, Newham DJ. Ultrasound imaging of the lumbar multifidus muscle: 
normal reference ranges for measurement and practical guidance on the technique. Man 
Ther. 2005;10:116–26.



Critical Reviews™ in Physical and Rehabilitation Medicine

296 Cheng & MaCIntyre

20. Pressler JL, Heiss DG, Buford JA, Chidley JV. Between-day repeatability and symmetry 
of multifidus cross-sectional area measured using ultrasound imaging. J Orthop Sports 
Phys Ther. 2006;36(1):10–18.

21. Kiesel KB, Uhl TL, Underwood FB, Rodd DW, Nitz AJ. Measurement of lumbar multifi-
dus muscle contraction with rehabilitative ultrasound imaging. Man Ther. 2007;12:161–
66.

22. Van K, Hides JA, Richardson CA. The use of real-time ultrasound imaging for biofeed-
back of lumbar multifidus muscle contraction in healthy subjects. J Orthop Sports Phys 
Ther. 2006;36:920–25.

23. Wallwork T, Hides JA, Warren SR. Intrarater and interrater reliability of assessment of 
lumbar multifidus muscle thickness using rehabilitative ultrasound imaging. J Orthop 
Sports Phys Ther. 2007;37(10):603–12.

24. Hides JA, Richardson CA, Jull GA. Magnetic resounance imaging and ultrasonography of 
the lumbar multifidus muscle: comparison of two different modalities. Spine. 1995;20:54–
58.

25. McMeekend JM, Beith ID, Newham DJ, Milliganm P, Critchley DJ. The relations-
hip between EMG and change in thickness of transversus abdominus. Clin Biomech. 
2004;19:337–42.

26. Bunce S, Moore A, Hough A. Measurement of abdominal muscle thickness using m-mode 
ultrasound imaging during functional activities. Man Ther. 2004;9:41–44.

27. Hides JA, Wong I, Wilson SJ, Belavy D, Richardon CA. Assessment of abdominal muscle 
function during a simulated unilateral weight-bearing task using ultrasound imaging. J 
Orthop Sports Phys Ther. 2007;27(8):467–71.

28. Moore KL, Dalley AF. Clinical orientated anatomy. 4th ed. Philadelphia, Pennsylvania: 
Lippincott Williams &Wilkins; 1999.

29. Cresswell AG, Oddsson L, Thorstensson A. The influence of sudden perturbation on trunk 
muscle activity and intra-abdominal pressure while standing. Exp Brain Res. 1994;98:336–
41.

30. Hodges PW, Richardson CA, Jull GA. Evaluation of the relationship between the findings 
of a laboratory and clinical test of transversus abdominis function. Physiother Res Int. 
1996;1:30–40.

31. Hodges PW, Richardson CA. Transversus abdominis and the superficial abdominal mus-
cles are controlled independently in a postural task. Neurosci Lett. 1999;265:91–94.

32. Hodges PW, Richardson CA. Feedforward contraction of transversus abdominis is not 
influenced by the direction of arm movement. Exp Brain Res. 1997;114:362–70.

33. Hodges PW, Cresswel AG, Thorstensson A. Preparatory trunk motion precedes upper limb 
movement. Exp Brain Res. 1998;124:69–79.

34. Hodges PW, Richardson CA. Contraction of the abdominal muscles associated with mo-
vement of the lower limb. Phys Ther. 1997;77:132–44.



Volume 22, Number 1–4, 2010

Real-Time Ultrasound Imaging in Physiotherapy Evaluation and Treatment of Low-Back Pain 297

35. Hodges PW, Richardson CA. Contraction of the abdominal muscles associated with mo-
vement of the lower limb. Phys Ther. 1997;77:132–42.

36. Saunders SW, Rath D, Hodges PW. Postural and respiratory activation of the trunk muscle 
changes with mode and speed of location. Gait Posture. 2004;20:280–90.

37. Richardson CA, Jull G. Muscle control-pain control. What exercises would you prescribe? 
Man Ther. 1995;1:2–10.

38. Richardson CA, Jull, GA. A historical perspective on the development of clinical techni-
ques to evaluate and treat the active stabilizing system of the lumbar spine. Aust J Physio-
ther. 1995;1:5–13.

39. Richardson CA, Jull GA, Hodges PW, Hides JA. Treatment of motor control problems. In: 
Therapeutic exercise for spinal stabilization in low back pain—scientific basis and clinical 
approach. Edingburgh, Scotland: Churchill Livingstone; 1999. p. 125–43.

40. Critchley DJ, Coutts FJ. Abdominal muscle function in chronic low-back pain patients: 
measurements with real-time ultrasound scanning. Physiotherapy. 2002;86:322–32.

41. Critchley DJ. Instructing pelvic floor contraction facilitates transversus abdominis 
thickness increase during low-abdominal hollowing. Physiother Res Int. 2002;7:65–75.

42. Hides JA, Wilson S, Stanton W. An MRI investigation into the function of the transversus 
abdominis muscle during “drawing-in” of the abdominal wall. Spine. 2006;31:E175–78.

43. Kiesel KB, Uhl TL, Underwood FB, Nitz AJ. Rehabilitative ultrasound measurement of 
select trunk muscle activation during induced pain. Man Ther. 2006 May;13(2):132–38.

44. Henry SM, Westervelt KC. The use of real-time ultrasound feedback in teaching abdomi-
nal hollowing exercises to healthy subjects. J Orthop Sports Phys Ther. 2005;35:338–45.

45. Rankin G, Stokes M, Newham DJ. Abdominal muscle size and symmetry in normal sub-
jects. Muscle Nerve. 2006;34:320–26.

46. Springer BA, Mielcarek BJ, Nesfield TK, Teyhen DS. Relationships among lateral abdo-
minal muscles, gender, body mass index, and hand dominance. J Orthop Sports Phys Ther. 
2006;36:289–97.

47. Teyhen DS, Miltenberger CE, Deiters HM, Del Toro YM, Pulliam JN, Childs JD, Boyles 
RE, Flynn TW. The use of ultrasound imaging of the abdominal drawing-in maneuver in 
subjects with low back pain. J Orthop Sports Phys Ther. 2005;35:346–55.

48. Teyhen DS, Gill NA, Whittaker JL, Henry SM, Hides JA, Hodges PW. Ultrasound ima-
ging as a feedback tool in the rehabilitation of trunk muscle dysfunction for people with 
low back pain. J Orthop Sports Phys Ther. 2007;37(10):627–34.

49. Teyhen DS, Gill NA, Whittaker JL, Henry SM, Hides JA, Hodges PW. Rehabilitative ul-
trasound imaging of the abdominal muscles. J Orthop Sports Phys Ther. 2007;37(8):450–
66.

50. Ainscough-Potts AM, Morrissey MC, Critcheley D. The response of the transverse abdo-
minis and internal olique muscles to different postures. Man Ther. 2006;11:54–60.

51. Hides JA, Miokovic T, Belavy D, Stanton WR, Richardon CA. Ultrasound imaging assess-



Critical Reviews™ in Physical and Rehabilitation Medicine

298 Cheng & MaCIntyre

ment of abdominal muscle function during drawing-in of the abdominal wall: an intrarater 
reliability study. J Orthop Sports Phys Ther. 2007;37(8):480–86.

52. Kiesel KB, Underwood FB, Matacolla C, Nitz AJ, Malone TR. A comparison of select 
trunk muscle thickness change between subjects with low back pain classified in the treat-
ment-based classification system and asymptomatic controls. J Orthop Sports Phys Ther. 
2007;37(10):596–607.

53. Ferreira PH, Ferreira ML, Hodges PW. Changes in recruitment of the abdominal mus-
cles in people with low back pain: ultrasound measurement of muscle activity. Spine. 
2004;29:2560–66.

54. De Troyer A, Estenne M, Ninane V, Van Gansbeke D, Gorini M. Transversus abdominis 
muscle function in humans. J Appl Physiol. 1990;68:1010–16.

55. Misuri G, Colgrande S, Gorini Mea. In vivo ultrasound assessment of respiratory function 
of abdominal muscles in normal subjects. Eur Respir J. 1997;10:2861–67.

56. Abe T, Kusuhara N, Yoshimura N, Tomita T, Easton PA. Differential respiratory activity of 
four abdominal muscles in humans. J Appl Physiol. 1996;80:1379–89.

57. Herbert RD, Gandevia SC. Changes in pennation with joint angle and muscle torque: in 
vivo measurements in human brachialis muscles. J Physiol. 1995;484 (Pt 2):523–32.

58. Maganaris CN, Baltzopoulos V. Predictability of in vivo changes in pennation angle of 
human tibialis anterior muscle from rest to maximum isometric dorsiflexion. Eur J Appl 
Physiol. 1999;79:294–97.

59. Reimer CD, Lochmuller H, Goebels N, Schlotter B, Stempfle U. Effect of muscular work 
on the myosonogram. Ultraschall Med. 1995;16:79–83.

60. Ito M, Kawakami Y, Ichinose Y, Fukashiro S, Yukunaga T. Nonisometric behavi-
or of fascicles during isometric contractions of a human muscle. J Appl Physiology. 
1998;1998(85):1230–35.

61. Fitts PM, Posner M. Human performance. Belmont CA: Brooks Cole; 1967.

62. Salmoni AW, Schmidt RA, Walter CB. Knowledge of results and motor learning: a review 
and critical reappraisal. Psychol Bull. 1984;95:355–86.

63. Magill R. Motor learning and control: concepts and applications. Boston, MA: WCB Mc-
GrawHill; 2007.

64. Travlos AK, Pratt J. Temporal locus of knowledge of results: a meta-analytic review. Pre-
cept Mot Skills. 1995;80:3–14.

65. Worth S, Henry SM, Bunnn Y. Real-time ultrasound feedback and abdominal hollowing 
exercises for people with back pain. NZ J Physiotherapy. 2007;35:4–11.

66. Henry SM, Teyhen DS. Ultrasound imaging as a feedback tool in the rehabilitation of 
trunk muscle dysfunction for people with low back pain. J Orthop Sports Phys Ther. 
2007;37(10):627–34.

67. MacDonald DA, Mosley GL, W HP. The lumbar multifidus: does the evidence support 
clinical beliefs? Man Ther. 2006;11:254–63.



Volume 22, Number 1–4, 2010

Real-Time Ultrasound Imaging in Physiotherapy Evaluation and Treatment of Low-Back Pain 299

68. Moseley G, Hodges P, Gandevia S. Deep and superficial fibers of the lumbar multifidus 
muscle are differentially active during voluntary arm movements. Spine. 2002;27(2):E29–
36.

69. Panjabi M, Abumi K, Duranceau J, Oxland T. Spinal stability and intersegmental muscle 
forces. A biomechanical model. Spine. 1989;14(2):194–200.

70. Wilke HJ, Wolf SC, Claes LE, Arand M, Wiesend A. Stability increase of the lumbar spine 
with different muscle groups. A biomechanical study in vitro. Spine. 1995;20:192–98.

71. McGill SM. Kinetic potential of the lumbar trunk musculature about three orthogonal 
orthopaedic axes in extreme postures. Spine. 1991;16:809–15.

72. Granata KP, Marras WS. Cost-benefit of muscle cocontraction in protecting against spinal 
instability. Spine. 2000;25:1398–1404.

73. Cholewicki J, Panjabi MM, Khachatryan A. Stabilizing function of trunk flexor-extensor 
muscles around a neutral spine posture. Spine. 1997;22:2207–12.

74. Cholewicki J, VanVliet JJ. Relative contribution of trunk muscles to the stability of the 
lumbar spine during isometric exertions. Clin Biomech. 2002;17:99–105.

75. Crisco JJ, Panjabi MM. The intersegmental and multisegmental muscles of the lumbar spi-
ne. A biomechanical model comparing lateral stabilizing potential. Spine. 1991;16:793–
99.

76. Hodges PW, Holm AK, Hansson T, Holm S. Rapid atrophy of the lumbar multifidus fol-
lows experimental disc or nerve root injury. Spine. 2006;19:165–72.

77. Stokes M, Hides J, Elliot J, Kiesel K, Hodges P. Rehabilitative ultrasound imaging of the 
posterior paraspinal muscles. J Orthop Sports Phys Ther. 2007;37(10):581–93.

78. Stokes MJ, Cooper RG, Jayson MIV. Selective changes in multifidus dimensions in pati-
ents with chronic low back pain. Eur Spine J. 1992;1:38–42.

79. Coldron Y, Stokes M, Cookz K. Lumbar multifidus muscle size does not differ whether 
ultrasound imaging is performed in prone or side lying. Man Ther. 2003;8(3):161–65.

80. Mayer TG, Vanharanta H, Gatchel RJ, Mooney V, Barnes D, Judge L, Smith S, Terry A. 
Comparison of CT scan muscle measurements and isokinetic trunk strength in postopera-
tive patients. Spine. 1989;14:33–36.

81. Kjaer P, Bendix T, Sorensen JS, Korsholm L, Leboeuf-Yde C. Are MRI-defined fat infil-
trations in the multifidus muscles associated with low back pain? BMC Med. 2007;5:2.

82. Vasseljien O, Dahl HH, Mork PJ, Torp JG. Muscle activity onset in the lumbar multifidus 
muscle recorded simultaneously by ultrasound imaging and intramuscular electromyo-
graphy. Clin Biomech. 2006;21:905–13.

83. Hodges PW. Ultrasound imaging in rehabilitation: just a fad? J Orthop Sports Phys Ther. 
2005;35:333–37.

84. Whittaker JL. Real-time ultrasound analysis of local system function. In Lee DG, The 
pelvic girdle; an approach to the examination and treatment of the lumbopelvic-hip region. 
3rd ed. London: Churchill Livingstone, 2004, p. 120–29.



Critical Reviews™ in Physical and Rehabilitation Medicine

300 Cheng & MaCIntyre

85. Delitto A, Erhard RE, Bowling RW. A treatment-based classification approach to low 
back syndrome: identifying and staging patients for conservative treatment. Phys Ther. 
1995;75:750–85.

86. Hicks GE, Fritz JM, Delitto A, McGill SM. Preliminary development of a clinical predic-
tion rule for determining which patients with low back pain will respond to a stabilization 
exercise program. Arch Phys Med Rehabil. 2005;86:1753–62.

87. Cairns MC, Harison K, Wright C. Pressure biofeedback: a useful tool in the quantification 
of abdominal muscle dysfunction. Physiotherapy. 2000;86:127–38.

88. Tan AL, Wakefield RJ, Conaghan PG, Emery P, McGonagle D. Imaging of the musculos-
keletal system: magnetic resonance imaging, ultrasonography and computed tomography. 
Best Pract Res Clin Rheumatol. 2003;27:513–28.

89. Hides JA, Richardson CA, Jull GA. Use of real-time ultrasound imaging for feedback in 
rehabilitation. Man Ther. 1998;3(3):125–31.

90. Hides JA, Cooper RG, Stokes MJ. Diagnostic ultrasound imaging for measurement of the 
lumbar multifidus muscle in normal young adults. Physiother Theory Pract. 1992;8:19–26.

91. Rankin G, Stokes M, Newham DJ. Abdominal muscle size and symmetry in normal sub-
jects. Muscle Nerve. 2006;34:320–26.

92. Teyhen DS, Childs JD, Flynn TW. Rehabilitative ultrasound imaging: when is a picture 
necessary? J Orthop Sports Phys Ther. 2007;37(10):579–80.

93. Waddell G, Newton M, Henderson I, Somerville D, Main CJ. A fear-avoidance beliefs 
questionnaire (fabq) and the role of fear-avoidance beliefs in chronic low back pain and 
disability. Pain. 1993;52:157–68.

94. Klenerman L, Slade PD, Stanley IM, Pennie B, Reilly JP, Atchison LE, Troup JD, Rose 
MJ. The prediction of chronicity in patients with an acute attack of low back pain in a 
general practice setting. Spine. 1995;20(4):478–84.

95. Verschueren SM, Swinnen SP, Dom R, De Weerdt W. Interlimb coordination in patients 
with Parkinson’s disease: motor learning deficits and the importance of augmented infor-
mation feedback. Exp Brain Res. 1997;113(497–508).

96. Levitt R, A DJ, Remondet Wall J, L F, E CJ. EMG feedback-assisted postoperative rehabi-
litation of minor arthroscopic knee surgeries. J Sports Med Phys Fitness. 1995;35:218–23.

97. Kim HJ, Kramer JF. Effectiveness of visula feedback during isokinetic exercises. J Orthop 
Sports Phys Ther. 1997;26:318–23.

98. Kernodle MW, Carlton lG. Information feedback and the learning multiple-degree-of-
freedom activities. J Mot Behav. 1992;24:187–96.

99. Whittaker JL. The clinical application of ultrasound imaging by physical therapists. J Man 
Manip Ther. 2006;14(2):73–75.


