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ABSTRACT

Background: No study has previously investigated the side, duration or number of audible cavitation sounds during high-velocity low-amplitude
(HVLA) thrust manipulation to the cervicothoracic spine.

Purpose: The primary purpose was to determine which side of the spine cavitates during cervicothoracic junction (CTJ) HVLA thrust manipula-
tion. Secondary aims were to calculate the average number of cavitations, the duration of cervicothoracic thrust manipulation, and the duration of
a single cavitation.

Study Design: Quasi-experimental study

Methods: Thirty-two patients with upper trapezius myalgia received two cervicothoracic HVLA thrust manipulations targeting the right and left
T1-2 articulation, respectively. Two high sampling rate accelerometers were secured bilaterally 25 mm lateral to midline of the T1-2 interspace. For
each manipulation, two audio signals were extracted using Short-Time Fourier Transformation (STFT) and singularly processed via spectrogram
calculation in order to evaluate the frequency content and number of instantaneous energy bursts of both signals over time for each side of the CTJ.

Result: Unilateral cavitation sounds were detected in 53 (91.4%) of 58 cervicothoracic HVLA thrust manipulations and bilateral cavitation sounds
were detected in just five (8.6%) of the 58 thrust manipulations; that is, cavitation was significantly (p<0.001) more likely to occur unilaterally than
bilaterally. In addition, cavitation was significantly (p<0.0001) more likely to occur on the side contralateral to the clinician’s short-lever applicator.
The mean number of audible cavitations per manipulation was 4.35 (95% CI 2.88, 5.76). The mean duration of a single manipulation was 60.77 ms
(95% CI 28.25, 97.42) and the mean duration of a single audible cavitation was 4.13 ms (95% CI 0.82, 7.46). In addition to single-peak and multi-
peak energy bursts, spectrogram analysis also demonstrated high frequency sounds, low frequency sounds, and sounds of multiple frequencies for
all 58 manipulations.

Discussion: Cavitation was significantly more likely to occur unilaterally, and on the side contralateral to the short-lever applicator contact, during
cervicothoracic HVLA thrust manipulation. Clinicians should expect multiple cavitation sounds when performing HVLA thrust manipulation to
the CTJ. Due to the presence of multi-peak energy bursts and sounds of multiple frequencies, the cavitation hypothesis (i.e. intra-articular gas
bubble collapse) alone appears unable to explain all of the audible sounds during HVLA thrust manipulation, and the possibility remains that
several phenomena may be occurring simultaneously.

Level of Evidence: 2b
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INTRODUCTION

Reductions in pain and disability following high-
velocity low-amplitude (HVLA) thrust manipula-
tion to the cervicothoracic region have been widely
reported in patients with neck pain'!" and shoulder
pain.'*'* However, the frequency, location, and etiol-
ogy of the cracking, popping or clicking noises that
often accompany HVLA thrust manipulative proce-
dures to the spine'”* are still poorly understood.?*6-3

Four previous studies®?® have suggested that the
“audible popping” following HVLA thrust manipula-
tion is not related to the clinical outcomes of pain
and/or disability. Nevertheless, many clinicians!'??4%
and researchers®®?:3%4 gtill appear to repeat the
HVLA thrust manipulation if they do not hear or pal-
pate popping sounds. Moreover, Evans and Lucas?
proposed the “audible popping”, or the “mechanical
response” that “occurs within the recipient”, should
be present to satisfy the criteria for a valid manipula-
tion.” However, it remains to be elucidated whether
HVLA thrust manipulation to the cervicothoracic
spine should normally be accompanied by single,
multiple or no cavitation sounds. Furthermore,
understanding whether the cavitation phenomenon
during cervicothoracic HVLA thrust manipulation
is an ipsilateral, contralateral or bilateral event may
help inform clinicians in selecting the appropriate
manipulation technique that will most effectively
target the dysfunctional articulation with the ulti-
mate goal of reducing pain and disability.

The traditional expectation of a single pop or cavita-
tion sound emanating fromthe target or dysfunctional
facet joint during HVLA thrust manipulation®* is
not consistent with the existing literature for the
upper cervical,?® lower cervical,?** thoracic® or lum-
bar'”?2?> regions. Moreover, the evidence suggests
that HVLA thrust manipulation directed at the spine
creates multiple cavitation sounds.!”?*+%%% Neverthe-
less, the question of whether these multiple cavita-
tion sounds emanate from the same joint, adjacent
ipsilateral or contralateral joints, or even extra-artic-
ular soft-tissues remains to be elucidated.!”!820:25:26:46

To date, only three studies'®?** have investigated
the side of joint cavitation during cervical spine
manipulation. During “lateral to medial and rota-
tory” HVLA thrust manipulations targeting the C3-4
facet joint, Reggars and Pollard* found 47 (94%) of

50 subjects exhibited “cracking sounds” on the con-
tralateral side to the applicator contact, while two
subjects exhibited bilateral sounds and one subject
an ipsilateral sound. Additionally, following C3-4
thrust manipulations in 20 asymptomatic subjects,
Bolton et al'® reported cavitation sounds were signif-
icantly more likely to occur on the contralateral side
to the applicator for “rotation” manipulations, but
equally likely to occur on either side during “side-
bending” manipulations. Nevertheless, Bolton et al'®
made the assumption that the side with the larger
amplitude sound wave was the side of “initial cavita-
tion” and hence did not report if single or multiple
cavitations occurred. That is, unless single cavitation
events occurred during all cervical manipulations,
which is unlikely given the findings of previous
studies, 7?9?4254 the possibility remains that the “ini-
tial cavitation” occurred on one side, and additional
cavitations that were not counted also occurred ipsi-
laterally and/or contralaterally. Most recently, Dun-
ning et al*® reported bilateral cavitation sounds in 34
(91.9%) of 37 manipulations, while unilateral cavita-
tion sounds were detected in just 3 (8.1 %) manipula-
tions following HVLA thrust manipulation targeting
the upper cervical spine (C1-2) articulation. How-
ever, it is unknown if the same findings would occur
in a different spinal region—i.e. the cervicothoracic
junction (CTJ)—and whether using a different HVLA
thrust technique with the patient in prone, that is
traditionally considered a “lateral break” manipula-
tion*>** (due to the simultaneous delivery of lateral
flexion and lateral translation forces as opposed to
primarily employing rotatory forces for the thrust-
ing impulse*~?), would alter the side of cavitation
and therefore the location of the target articulation
that will most likely be effected by the high-velocity
thrusting forces.!”18:20.24,26,28

Gasbubble collapse,® or the cavitation phenomenon,
hasbeen traditionally accepted as the mechanism for
creating the joint cracking sound.!®?327:30455-53 How-
ever, a recent study by Kawchuk et al* challenged
the cavitation hypothesis, and proposed that joint
cracking is associated with cavity formation within
synovial fluid rather than cavity collapse. Neverthe-
less, although this first in-vivo macroscopic demon-
stration of tribonucleation was recorded using rapid
cine magnetic resonance images on 10 MCP joints, it
was from a single subject.? Furthermore, the notion
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that the audible popping sounds were coming from
cavity inception, rather than collapse of a pre-exist-
ing bubble, is not new and was first proposed by Ros-
ton and Haines as early as 1947.5* However, neither
of these two studies?**** can be generalized to zyg-
apophyseal joints.

Identifying normative values for the duration of
HVLA thrust procedures®*?:55 for different spinal
regions may help facilitate a better understanding of
the physical parameters surrounding spinal manipu-
lation?**"** (e.g. velocity, acceleration) and the spe-
cific psychomotor skills required by practitioners to
efficiently perform spinal thrust manipulations.?
Additionally, it still remains to be elucidated whether
the popping sounds during HVLA thrust manipula-
tion originate from intra-articular gas bubble col-
lapse, cavity inception within synovial fluid, or
extra-articular events.?®29304651 Therefore, identify-
ing the duration of individual cavitation sounds,?*26
analyzing the instantaneous energy bursts and fre-
quency content of the sound waves*?** produced
during thrust manipulations may help uncover the
etiology?1652935 i e, what structures, tissues, or
mechanisms are involved—and therefore the rela-
tive importance of the audible sounds during thrust
manipulations.?” 33234

For cervical manipulations, the duration of the
thrusting procedure has been reported to be 80-200
ms.?»26505556 Additionally, using 95% of the instan-
taneous energy burst—i.e. the amount of energy
released in a given sampling interval of the spectro-
gram—to calculate the duration of single cavitation
sounds during upper cervical HVLA thrust manip-
ulation, Dunning et al®*® reported a mean duration
of 5.66 ms. However, no study has previously mea-
sured the duration of the thrusting procedure or the
duration of single cavitation sounds, during HVLA
thrust manipulation to the CTJ.

To the best of the authors’ knowledge, no study has
investigated the side, duration or number of audible
cavitation sounds during HVLA thrust manipula-
tion to the cervicothoracic spine. Therefore, the pri-
mary purpose of the study was to determine which
side of the spine cavitates during cervicothoracic
HVLA thrust manipulation. Secondary aims of the
study were to calculate the duration of a single cer-
vicothoracic thrust manipulation procedure, and the

average number of cavitation sounds following cer-
vicothoracic HVLA thrust manipulation.

METHODS

Participants

Thirty-two individuals with upper trapezius myalgia,
i.e. a painful upper trapezius muscle, (20 females
and 12 males) were recruited by convenience sam-
pling from a private physical therapy outpatient
clinic in Florence, Italy during November of 2013.
Their ages ranged between 23 and 65 years with a
mean (SD) of 39 (11) years. Height ranged between
152 and 182 cm with a mean (SD) of 170.1 (8.5) cm.
Weight was 50.0 kg to 96.0 kg with a mean (SD) of
67.7 (12.6) kg. All subjects reported being physically
active, to include walking, running, cycling or regu-
lar sports participation.

For subjects to be eligible, they had to present with
neck pain for greater than three months, have a pri-
mary complaint of a painful spot (i.e., active trig-
ger point) in the upper trapezius muscle, and be
between 18 and 65 years of age. The ethics com-
mittee at the Universidad Rey Juan Carlos, Madrid,
Spain, approved this study. All subjects provided
written informed consent before their participation
in the study.

Patients were excluded if they exhibited: 1) any red
flags (i.e., tumor, fracture, metabolic diseases, rheu-
matoid arthritis, osteoporosis, resting blood pres-
sure greater than 140/90 mmHg, prolonged history
of steroid use, etc.); 2) presented with 2 or more
positive neurologic signs consistent with nerve root
compression (muscle weakness involving a major
muscle group of the upper extremity, diminished
upper extremity deep tendon reflex, or diminished
or absent sensation to pinprick in any upper extrem-
ity dermatome); 3) presented with a diagnosis of
cervical spinal stenosis; 4) exhibited bilateral upper
extremity symptoms; 5) had evidence of central
nervous system disease (hyperreflexia, sensory dis-
turbances in the hand, intrinsic muscle wasting of
the hands, unsteadiness during walking, nystagmus,
loss of visual acuity, impaired sensation of the face,
altered taste, the presence of pathological reflexes);
6) had a history of whiplash injury within the pre-
vious three months; or, 7) had prior surgery to the
neck or thoracic spine. Of the 33 patients that were
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invited to enter the study, none refused participa-
tion; however, one subject was excluded due to a his-
tory of a previous whiplash injury.

Notably, pain or disability scores were not collected
in any subjects for two reasons: (1) the primary pur-
pose of this study was to investigate the frequency,
location and possible etiologies of the cavitation
phenomenon during cervicothoracic HVLA thrust
manipulation at a single point in time (i.e. no fol-
low-up period), not to measure changes in pain or
disability over time in response to a single manipu-
lation technique given on just one occasion, and (2)
all subjects were current patients at a physiotherapy
practice in Florence, Italy, and as such, were already
receiving conventional physiotherapy treatments for
their primary complaint of upper trapezius myalgia.
Moreover, significant reductions in pain and disabil-
ity scores following HVLA thrust manipulation to
the cervicothoracic region have already been widely
investigated and reported in patients with neck
pain'" and shoulder pain.'*'® However, although
cracking, popping or clicking noises often accom-
pany HVLA thrust manipulative procedures,'”** the
frequency, location and etiology of the cavitation
phenomenon itself is still poorly understood.?*-30

Manipulative Physiotherapist

A single, U.S. licensed physical therapist performed
all of the cervicothoracic HVLA thrust manipula-
tions in the current study. At the time of data col-
lection, the physical therapist had completed a
post-graduate Master of Science in Advanced Manip-
ulative Therapy, had worked in clinical practice for
14 years, and routinely used cervicothoracic HVLA
thrust manipulation in daily practice.

Cervicothoracic Junction (CTJ) HVLA

Thrust Manipulation Technique

A single “lateral break” HVLA thrust manipula-
tion directed to the CTJ with the patient prone
was performed (Figure 1). T1-2 was the target level
because this segment is in the center of the three
articulations (i.e. C7-T1, T1-T2, T2-3) that are con-
sidered to be primarily affected by the manual
forces during prone HVLA thrust manipulations to
the CTJ.!2222847505859 For this technique,” the short
or lower lever was produced by having the thera-
pist’s proximal phalanx, metacarpal, web space and

Figure 1. High-velocity low-amplitude thrust manipulation
directed to the articulation of the left cervicothoracic (T1-2)
junction.

thumb of the right hand contact the superomedial
aspect of the patient’s right shoulder girdle. The
long or upper lever was manufactured by having the
therapist place the heel and palm of his left hand
over the temporal region of the patient’s lateral cra-
nium. To localize the forces to the left T1-2 articula-
tion, secondary levers of extension, lateral flexion,
translation and minimal rotation were used. While
maintaining the secondary levers, the therapist per-
formed a single HVLA thrust manipulation using
the simultaneous delivery of the thrusting primary
levers of lateral flexion from the upper lever and lat-
eral translation from the lower lever, i.e., a lateral
break. This was repeated using the same procedure
but directed to the right T1-2 articulation. Prior to
data collection, an independent researcher made
random allocation cards using a computer-gener-
ated table of randomly assigned numbers;® these
cards were then used to determine the target side
and delivery order of the T1-2 HVLA thrust manipu-
lations for all subjects. Cavitation sounds—i.e. pop-
ping or cracking noises—were heard on all HVLA
thrust manipulations; hence, there was no need for
second attempts.
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Accelerometer Placement and Sound Collection
Prior to the delivery of cervicothoracic HVLA thrust
manipulation, skin mounted accelerometers were
secured bilaterally 25 mm lateral to the midline of the
T1-T2 interspace (Figure 2). The microphones were
connected to a data acquisition system (FOCUSRITE,
High Wycombe, Buckinghamshire, U.K., Scarlett 2i2, 96
KHz, 24-bit conversion) and a MacBook Pro laptop with
AUDACITY software (Open Source Software, Carnegie
Mellon University, Pennsylvania, U.S.A.) for audio
acquisition.?® Sampling frequency was set at 96,000 Hz
and the amplitude was normalized by AUDACITY soft-
ware to values ranging between -1 and +1 (no unit of
measurement). With the order of delivery randomized
(i.e. right side versus left side), all subjects then received
two HVLA thrust manipulations: one targeting the left
(T1-2) CTJ, and one targeting the right (T1-2) CTJ. The
sound wave signals and resultant cavitation sounds
during the cervicothoracic HVLA thrust manipulations
were recorded by an individual not involved in data
extraction or analysis. Data extraction and processing
occurred later and were performed by an individual
blinded to target side. Although target side and deliv-
ery order were randomly assigned using a computer-
generated table of randomly assigned numbers, it was
not possible to fully blind the third researcher who
performed data analysis because knowledge of target
side was required to complete some of the statistical
tests—for example, whether cavitation was more likely
to occur on the side ipsilateral or contralateral to the
clinician’s short-lever applicator.

Data Extraction
Short-Time Fourier Transformation (STFT) was used
to process the sound signals and obtain spectrograms

Figure 2. Bilateral placement and securing of skin-mounted
accelerometers 25 mm lateral to the midline of the T1-2 inter-
space.

for each thrust manipulation.?® A spectrogram is a
two-dimensional representation of a signal with time
on the x-axis, frequency on the y-axis, and color as a
third dimension to express the amplitude, or power
of the sound (Figure 3). For each two-channel audio
recording, the spectrograms were computed using
STFT in order to evaluate the frequency content of
both signals over time. The epoch length was set to
0.78 ms (i.e. 75 times the sampling rate) with a 0.1%
overlap between adjacent epochs, resulting in a fre-
quency resolution of 94 Hz. The frequency scale was
set between 10 Hz and 23 kHz, since this is the audi-
ble spectrum for a human being (including a small
margin of error).”

Data Processing

The sound in every audio track was processed as a
digital signal with the amplitude varying discretely
as a function of time. Each channel was depicted by
a separate graph, representing the two recordings
of the left and right accelerometers during a single
HVLA thrust manipulation to the CTJ. Although the
recordings were collected and processed singularly
for each person and for each manipulation, we did
jointly inspect and analyze the left and right chan-
nels for each HVLA thrust manipulation in order to
determine whether the cavitation phenomenon was
a bilateral, ipsilateral or contralateral event, and in
order to accurately sum the total number of cavita-
tions (i.e. pops) during a single manipulation.

In order to isolate the time interval in which the
manipulation took place, the audio tracks of the
left and right channels (relative to a single manip-
ulation) were first listened to using a stereophonic
system. The peculiar sound emitted, together with
visual inspection of the right and left graphs of the
digital audio signal, allowed for easy recognition of
such an interval. The correct time interval featur-
ing the manipulation event was then confirmed
and adjusted by decelerating the audio speed by a
factor of 0.01 and listening to the track again. This
allowed us to identify the beginning and the end
of the manipulations (based on sound, not angular
movements of the spine), and also to identify how
many cavitations (i.e. pops) were present. More spe-
cifically, this operation permitted us to increase the
resolution of the human ear by 100 fold, allowing us
to discriminate and sum the total number of cavita-
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tions. Moreover, listening of the audio tracks with a
100-fold deceleration factor and visual inspection of
the spectrograms for peaks were both used to deter-
mine the number of cavitations present.

The spectrograms show the “location” of the energy
of the audio signals over time and over frequency
jointly. In figure 3, the spectrograms for the right and
left channels for a single HVLA thrust manipulation
are depicted, with time on the x-axis, frequency on the
y-axis and energy on the z-axis (using a map of colors).

Process for Counting the Number of
Cavitations

Per the protocol previously described,? the graphs
representing the amount of released energy over
time in both the left and right accelerometry chan-

nels were visually inspected in order to identify
instantaneous energy bursts corresponding to cavi-
tations (Figure 4). The total number of cavitations
per manipulation was the sum of the number of
energy bursts identified.

Process for Determining the Side of

Cavitation

For each of the 252 pops generated during 58 cervi-
cothoracic HVLA thrust manipulations, the side of
cavitation was determined by inspecting each of the
energy bursts for the right and left spectrograms.?
Since graphs were computed and the amount of
energy was quantified at each epoch separately
for the two channels, the side of cavitation could
be immediately determined by looking at which
side the energy burst occurred on. In the event of

LEFT CHANNEL SPECTROGRAM
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Figure 3. Spectrograms for the left and right audio channels during cerviothoracic HVLA thrust manipulation. Vertical energy

peaks represent individual pops.

RELEASE OF ENERGY DURING A MANIPULATION

Right pop

— Left channel |
Right channel |

Figure 4. Amount of energy released over time for the right and left accelerometry channels.
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simultaneous bursts on both channels, the one that
began earlier and had the higher energy value was
selected; moreover, the smaller and delayed energy
burst represented the echo of the original event. A
similar methodology for determining the side of cav-
itation was previously reported for the upper cervi-
cal spine.?

Process for Calculating the Duration of a
Single Cavitation

For each of the 252 cavitations (i.e. popping sounds)
detected during 58 cervicothoracic HVLA thrust
manipulations, the time interval between the begin-
ning of the ascent of the first energy burst and the
end of the descent of the last energy burst of a cavi-

tation event was considered as the duration of a sin-
gle cavitation (Figure 5).

Process for Calculating the Duration of the
Thrust Manipulation

For each thrust manipulation, the time interval
between the beginning of first cavitation and the end
of the last cavitation was considered as the duration
of the thrusting procedure (Figure 6).”° However,
we did not measure the actual forces against time;
therefore, the duration of the thrust manipulation
likely does not include the time from when the force
beyond the preload first began to be applied, or the
entire interval from when the peak forces dropped
back to zero.?®*830

¥

Normatized Enargy

Pop duration

RELEASE OF ENERGY DURING THE MANIPULATION

Left Channel
Right Channel

Figure 5. The time interval used to calculate the duration of a single pop during cervicothoracic HVLA thrust manipulation.
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Left Channel
Right Channel
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Figure 6. The time interval used to calculate the duration of cervicothoracic HVLA thrust manipulation.
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Data Analysis

Sound waves resulting from the cervicothoracic
HVLA thrust manipulations were displayed in
graphical format. Each subject had one right and one
left graph corresponding with each thrust procedure
(i.e. four graphs in total for each subject). Means and
standard deviations were calculated to summarize
the average number of pops, the duration of cervi-
cothoracic thrust manipulation, and the duration of
a single cavitation. The primary aim, to determine
which side of the spine cavitates during CTJ (T1-
2) HVLA thrust manipulation, was examined using
a Chi-square test. The probability for unilateral or
bilateral cavitation events was calculated using the
binomial test assuming an expected probability of
50% (i.e. a reference proportion of 0.5). Data analy-
sis was performed using SPSS 23.0.

RESULTS

Subjects ranged between 23 and 65 years of age,
with a mean of 39 (SD: 11) years. Of the 252 total
cavitations during 58 HVLA thrust manipulations,
22 occurred ipsilateral and 230 occurred contralat-
eral to the targeted T1-2 articulation; that is, cavita-
tion was significantly more likely to occur on the
side contralateral to the short-lever applicator of the
manipulative physiotherapist (p<0.0001) following
right or left thrust manipulation to the CTJ. More-
over, during T1-2 HVLA thrust manipulation tar-
geting the right or left CTJ, the resulting cavitation
sounds were 10.5 times more likely to occur on the
side contralateral to the short-lever applicator of the
manipulative physiotherapist than the ipsilateral
side.

All 58 cervicothoracic HVLA thrust manipulations
resulted in one or more audible joint cavitation
sounds (range, 1-8). Two hundred fifty-two cavitation
sounds were detected following 58 cervicothoracic
thrust manipulations giving a mean of 4.35 (95%CI
2.88, 5.76) distinct cavitation sounds (i.e. pops or
cracks) per cervicothoracic HVLA thrust manipula-
tion procedure. More specifically and on average,
for each cervicothoracic HVLA thrust manipula-
tion procedure, 3.97 (SD 1.65) of the 4.35 cavitation
sounds (i.e. 91.3%) occurred on the side contralat-
eral to the short-lever applicator of the physiothera-
pist, whereas, 0.38 (SD 0.75) of the 4.35 cavitation
sounds occurred ipsilateral (i.e. 8.7%).

Unilateral cavitation sounds were detected in 53
(91.4%) of the 58 cervicothoracic lateral break HVLA
thrust manipulations and bilateral cavitation sounds
were detected in just 5 (8.6 %) of the 58 thrust manip-
ulations; that is, cavitation was significantly (bino-
mial Test, p<0.001) more likely to occur unilaterally
than bilaterally.

One distinct cavitation sound (i.e. a single popping
noise) was produced in 4 (6.9%) of the manipula-
tions, whereas 2 (3.5%), 12 (20.7%), 10 (17.2%), 15
(25.9%), 13 (22.4%), 1 (1.7%) and 1 (1.7%) manipu-
lations produced 2, 3, 4, 5, 6, 7 and 8 distinct cavi-
tation sounds, respectively. The mean duration of
a single cavitation was 4.13 ms (95%CI: 0.82, 7.46)
and the mean duration of a single CTJ HVLA thrust
manipulation was 60.77 ms (95%CI 28.25, 97.42).

In addition to single-peak and multi-peak energy
bursts, high frequency sounds, low frequency
sounds, and sounds of multiple frequencies for each
of the 58 cervicothoracic HVLA thrust manipula-
tions were also identified via spectrogram analysis
(Figures 3, 5 and 6).

DISCUSSION

Side of the cavitation

The results indicate that cavitation was significantly
more likely to occur on the side contralateral to the
short-lever applicator of the manipulative phys-
iotherapist following right or left cervicothoracic
HVLA thrust manipulation. In addition, unilateral
cavitation sounds were detected in 53 (91.4%) HVLA
thrust manipulations, while bilateral cavitation
sounds were detected in just 5 (8.6%) cases. Result-
ing cavitation sounds were 10.5 times more likely
to occur on the side contralateral to the short-lever
applicator of the manipulative physiotherapist than
the ipsilateral side. Understanding whether the cavi-
tation phenomenon during cervicothoracic HVLA
thrust manipulation is an ipsilateral, contralateral or
bilateral event may help inform clinicians in select-
ing the appropriate thrust manipulation technique
that will most effectively target the dysfunctional
articulation with the ultimate goal of reducing pain
and disability.

Previous authors have investigated the frequency
and location of audible cavitations during cervi-
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cal'®*% and lumbopelvic'”*® HVLA thrust manipu-
lation; however, this study is the first to report the
frequency and side of cavitation during cervicotho-
racic HVLA thrust manipulation. Additionally, in
the current study accelerometers were mounted
directly over the target articulation (i.e. 25 mm
lateral to the midline of the TI1-T2 interspace),
whereas both Bolton et al'® and Reggars and Pollard*
mounted microphones over the articular pillar and
transverse process, respectively, of the C2 vertebra
when the target was the C3-4 articulation in each
of those studies. Additionally, Bolton et al'® used a
significantly lower sampling frequency of 2000 Hz
(compared to 96,000 Hz in our study); thus, they
were only able to analyze signal amplitude in the
determination for the side of the cavitation. Further-
more, Bolton et al'® made the assumption that the
side with the larger amplitude sound wave was the
side of “initial cavitation” and hence did not report
if single or multiple cavitations occurred. Unless
single cavitation events occurred during all cervical
manipulations, which is unlikely given the findings
of previous studies,'”?*?*%% the possibility remains
that the “initial cavitation” occurred on one side, and
additional cavitations that were not counted also
occurred ipsilaterally and/or contralaterally at adja-
cent segments.

Notably, Ross et al*® found most thoracic and lum-
bar HVLA thrust manipulations produced two to six
audible cavitation sounds with an average error from
the target joint of 3.5 cm and 5.29 cm, respectively.
Additionally, Beffa and Mathews!” reported lumbar
and sacroiliac HVLA thrust manipulations had low
specificity and poor accuracy for the target articula-
tion. Of the 252 total cavitations identified in this
study, 22 (8.7%) occurred ipsilateral and 230 (91.3%)
occurred contralateral; that is, cavitation was signifi-
cantly more likely to occur on the side contralateral
to the short-lever applicator of the manipulative
physiotherapist. Therefore, considering the findings
of previous studies'”*** and based on the results of
this study, in order to maximize the likelihood that
the target articulation is indeed manipulated, it may
be appropriate to perform the T1-2 HVLA thrust
manipulation with the practitioner standing on the
target side of the CTJ, i.e., the short lever applica-
tor on the side opposite the target or symptomatic
articulation.

Number of cavitations per thrust

Following 58 cervicothoracic thrust manipulations,
252 cavitation sounds were identified resulting in
a mean of 4.35 distinct cavitations (i.e. popping or
cracking noises) and a range of one to eight cavita-
tions per T1-2 HVLA thrust manipulation. Similarly,
following 37 upper cervical thrust manipulations,
Dunning et al*® reported a mean of 3.57 (range of
1 to 7) cavitations per C1-2 HVLA thrust manipu-
lation. Likewise, Reggars* reported 123 individual
“joint cracks” resulting in a mean of 2.46 cavitations
and a range of 1-5 cavitations per C3-4 HVLA thrust
manipulation. Similarly and in agreement with
the current study, Reggars and Pollard* reported a
mean of 2.32 (range of 1 to 5) cavitations per C3-4
manipulation.

Although bubble collapse, or the cavitation model
has been widely accepted for the past four decades
as the mechanism of “joint cracking”,!®?2327:30,4551-53
a recent study by Kawchuk et al?® reported a “dark
intra-articular void” during MCP distraction. Nota-
bly, this “dark intra-articular void” was associated
with concurrent sound production; that is, the “joint
cracking” was associated in time with cavity forma-
tion (rather than cavity collapse) within the synovial
fluid, and with an average of 1.89 mm of joint surface
separation. Kawchuk et al? referred to this process
as tribonucleation; that is, when sufficient distrac-
tive force overcomes the viscous attraction or adhe-
sive forces between opposing joint surfaces, rapid
separation of the articulation occurs with a resulting
drop in synovial pressure, allowing dissolved gas to
come out of solution to form a bubble, cavity, clear
space or void within the joint.

In this study sounds composed of single energy
bursts (i.e. single audible popping sounds) and also
sounds composed of multiple energy bursts (i.e.
multiple audible popping sounds) were observed.
However, whether the multiple cavitation sounds
found in this study emanated from the same joint,
adjacent ipsilateral or contralateral facet or unco-
vertebral joints, or even extra-articular soft-tissues
remains to be elucidated. In addition to single and
multiple energy releases, high frequency sounds,
low frequency sounds, and sounds of multiple fre-
quencies were also identified in this study. There-
fore, as opposed to the cavitation hypothesis alone
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being able to explain all of the audible sounds during
HVLA thrust manipulation, the possibility remains
that several phenomena may be occurring simul-
taneously. Notably, Shekelle®” suggested HVLA
thrust manipulation may affect the following patho-
anatomic lesions: (1) “release of entrapped synovial
folds”, (2) “disruption of intra- or peri-articular adhe-
sions”, (3) “unbuckling of motion segments that have
undergone disproportionate displacements”, and/or
(4) “sudden stretching of hypertonic muscle”.”’

Duration of an individual cavitation

The mean duration of a single cavitation during cer-
vicothoracic HVLA thrust manipulation was 4.13
ms (95% CI: 0.82, 7.46) in this study. This value
approximates the 4 ms duration reported by Reggars
and Pollard* for the “average length of joint crack
sounds” and the 5.66 ms duration reported by Dun-
ning et al*® for the mean duration of a “single pop”
during upper cervical thrust manipulation. Never-
theless, Herzog et al*® reported triphasic “cavitation
signals” with a mean duration of 20 ms, however, it
is unclear whether this value represents single or
multiple cavitation sounds. Unlike previous stud-
ies,®?4?® the time interval between the beginning
of the ascent of the first energy burst and the end
of the descent of the last energy burst of a cavita-
tion event was calculated and used for the duration
of a single pop in this study. Therefore, the interval
was representative of the duration of 252 individual
cavitation sounds (i.e. popping or cracking noises)
detected during 58 cervicothoracic HVLA thrust
manipulation procedures.

Duration of the thrust procedure

Similar to Dunning et al,?® but unlike three previous
studies,?®>>* the time interval between the begin-
ning of first cavitation and the end of the last cavita-
tion was used to represent the duration of the actual
thrusting procedure from onset to arrest in the cur-
rent study; nevertheless, the mean duration of a
single cervicothoracic HVLA thrust manipulation
was found to be 60.77 ms (95%CI 28.25, 97.42), a
value that is slightly shorter but still consistent with
Triano®® (135 ms), Herzog et al* (80-100 ms), Ngan
et al® (158 ms) and Dunning et al*® (97 ms). Notably,
Triano®® measured the duration of the thrusting pro-
cedure by analyzing force-time history graphs for a

C2-3 lateral break manipulation; whereas, Ngan et
al® used a four camera motion analysis system to
measure head on trunk angular movements (and
indirectly thrust duration) during lower cervical
rotational manipulations in eight asymptomatic sub-
jects. Additionally, Herzog et al*® measured thrust
duration using “instantaneous acceleration signals”
from a mechanical accelerometer during T4 poste-
rior to anterior thrust manipulations in 28 subjects
with thoracic pain. Therefore, considering the dif-
ferent instrumentation and analytical methods used
in each of the previous studies,?*?*°>* there does
not appear to be a consistent reference standard for
measuring thrust duration. Nevertheless, to date,
this study is the first to report the thrust duration
for a manipulation technique that targets the T1-2
articulations.

Clinical relevance of the cavitation sounds

The cavitation sound is traditionally considered
by many physical therapists, chiropractors, and
osteopaths to be an important indicator for the suc-
cessful technical delivery of an HVLA thrust manip-
ulation.19202223,253539.4056  However, four previous
studies®** have suggested that the “audible pop” fol-
lowing HVLA thrust manipulation is not related to
the clinical outcomes of pain and/or disability. Nev-
ertheless, these authors®3* investigated the thoracic
and lumbopelvic regions, not the cervical spine or
CTJ. Notably, many clinicians'**** and research-
ers?0?13642 oti]l appear to repeat the HVLA thrust
manipulation if they do not hear or palpate popping
sounds. Moreover, Evans and Lucas? proposed the
“audible popping’, or the “mechanical response” that
“occurs within the recipient”, should be present to
satisfy the criteria for a valid manipulation.?” Under-
standing whether the cavitation phenomenon dur-
ing cervicothoracic HVLA thrust manipulation is an
ipsilateral, contralateral or bilateral event will help
inform practitioners of spinal manipulative therapy
in selecting the appropriate technique that will
most effectively target the dysfunctional articula-
tion with the ultimate goal of reducing pain and dis-
ability. More specifically, considering the findings
of previous studies'”?*?> and based on the results of
our study, in order to maximize the likelihood that
the target articulation is indeed manipulated, the
practitioner should stand on the target side of the
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CTJ when performing a “lateral break” cervicotho-
racic HVLA thrust manipulation with the patient in
prone, i.e., the short lever applicator of the practitio-
ner should be placed on the side opposite the target
or symptomatic articulation.

Limitations

It should be recognized that the morphology and
arthrokinematics of the zygapophyseal joints are
distinct to this region; thus, the results should be
extrapolated to other spinal regions with caution.
Furthermore, the results of this study cannot be gen-
eralized to cervicothoracic manipulation techniques
that use different combinations of primary, second-
ary, physiologic and accessory component levers.
One further limitation of this study is that only one
practitioner administered all of the cervicothoracic
thrust manipulations; while this enhances internal
validity it also compromises generalizability. Future
research should determine the vertebral levels at
which the cavitation sounds are emanating from and
investigate the clinical significance of the cavita-
tion phenomenon following cervicothoracic HVLA
thrust manipulation to determine whether a rela-
tionship exists between the number of cavitations
and change in the clinical outcomes of pain and dis-
ability in various subgroups of patients.

CONCLUSIONS

Cavitation was significantly more likely to occur uni-
laterally, and on the side contralateral to the short-
lever applicator contact, during cervicothoracic
HVLA thrust manipulation. Most subjects produced
three to five cavitations (i.e. popping or cracking
noises) during a single lateral break HVLA thrust
manipulation targeting the right or left T1-2 articula-
tion; therefore, practitioners of spinal manipulative
therapy should expect multiple cavitation sounds
when performing HVLA thrust manipulation to the
CTJ. Furthermore, the traditional manual therapy
approach of targeting a single ipsilateral or contra-
lateral facet joint during the delivery HVLA thrust
manipulation may not be realistic. Whether the mul-
tiple cavitation sounds found in this study emanated
from the same joint, adjacent ipsilateral or contralat-
eral facet or uncovertebral joints, or even extra-artic-
ular soft-tissues remains to be elucidated. Due to the
presence of multi-peak energy bursts and sounds of

multiple frequencies, neither the cavitation hypoth-
esis (i.e. intra-articular gas bubble collapse) nor the
tribonucleation hypothesis (i.e. cavity inception
within synovial fluid) alone appear able to explain
all of the audible sounds during HVLA thrust manip-
ulation, and the possibility remains that several phe-
nomena may be occurring simultaneously.

REFERENCES
1. Fernandez-de-Las-Penas C, Alonso-Blanco C, Cleland
JA, et al. Changes in pressure pain thresholds over
C5-C6 zygapophyseal joint after a cervicothoracic
junction manipulation in healthy subjects.
J Manipulative Physiol Ther. 2008;31(5):332-337.

2. Salom-Moreno J, Ortega-Santiago R, Cleland JA,
et al. Immediate changes in neck pain intensity and
widespread pressure pain sensitivity in patients with
bilateral chronic mechanical neck pain: a
randomized controlled trial of thoracic thrust
manipulation vs non-thrust mobilization.
] Manipulative Physiol Ther. 2014;37(5):312-319.

3. Dunning JR, Cleland JA, Waldrop MA, et al. Upper
cervical and upper thoracic thrust manipulation
versus nonthrust mobilization in patients with
mechanical neck pain: a multicenter randomized
clinical trial. J Orthop Sports Phys Ther. 2012;42(1):
5-18.

4. Martinez-Segura R, De-la-Llave-Rincon AI, Ortega-
Santiago R, et al. Immediate changes in widespread
pressure pain sensitivity, neck pain, and cervical
range of motion after cervical or thoracic thrust
manipulation in patients with bilateral chronic
mechanical neck pain: a randomized clinical trial.
] Orthop Sports Phys Ther. 2012;42(9):806-814.

5. Masaracchio M, Cleland JA, Hellman M, Hagins M.
Short-term combined effects of thoracic spine thrust
manipulation and cervical spine nonthrust
manipulation in individuals with mechanical neck
pain: a randomized clinical trial. ] Orthop Sports Phys
Ther. 2013;43(3):118-127.

6. Salvatori R, Rowe RH, Osborne R, Beneciuk JM. Use
of thoracic spine thrust manipulation for neck pain
and headache in a patient following multiple-level
anterior cervical discectomy and fusion: a case
report. | Orthop Sports Phys Ther. 2014;44(6):440-449.

7. Cleland JA, Glynn P, Whitman JM, et al. Short-term
effects of thrust versus nonthrust mobilization/
manipulation directed at the thoracic spine in
patients with neck pain: a randomized clinical trial.
Phys Ther. 2007;87(4):431-440.

8. Cross KM, Kuenze C, Grindstaff TL, Hertel J.
Thoracic spine thrust manipulation improves pain,
range of motion, and self-reported function in

The International Journal of Sports Physical Therapy | Volume 12, Number 4 | August 2017 | Page 652




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

patients with mechanical neck pain: a systematic
review. | Orthop Sports Phys Ther. 2011;41(9):633-642.

Puentedura EJ, Landers MR, Cleland JA, et al.
Thoracic spine thrust manipulation versus cervical
spine thrust manipulation in patients with acute
neck pain: a randomized clinical trial. J Orthop Sports
Phys Ther. 2011;41(4):208-220.

Lau HM, Wing Chiu TT, Lam TH. The effectiveness
of thoracic manipulation on patients with chronic
mechanical neck pain - a randomized controlled
trial. Man Ther. 2011;16(2):141-147.

Huisman PA, Speksnijder CM, de Wijer A. The effect
of thoracic spine manipulation on pain and disability
in patients with non-specific neck pain: a systematic
review. Disabil Rehabil. 2013;35(20):1677-1685.

Mintken PE, McDevitt AW, Cleland JA, et al.
Cervicothoracic Manual Therapy Plus Exercise
Therapy Versus Exercise Therapy Alone in the
Management of Individuals With Shoulder Pain: A
Multicenter Randomized Controlled Trial. ] Orthop
Sports Phys Ther. 2016;46(8):617-628.

Mintken PE, McDevitt AW, Michener LA, et al.
Examination of the Validity of a Clinical Prediction
Rule to Identify Patients With Shoulder Pain Likely
to Benefit From Cervicothoracic Manipulation.

J Orthop Sports Phys Ther. 2017:1-25.

Mintken PE, Cleland JA, Carpenter KJ, et al. Some
factors predict successful short-term outcomes in
individuals with shoulder pain receiving
cervicothoracic manipulation: a single-arm trial.
Phys Ther. 2010;90(1):26-42.

Boyles RE, Ritland BM, Miracle BM, et al. The
short-term effects of thoracic spine thrust
manipulation on patients with shoulder
impingement syndrome. Man Ther. 2009;14(4):
375-380.

Muth S, Barbe MF, Lauer R, McClure PW. The effects
of thoracic spine manipulation in subjects with signs
of rotator cuff tendinopathy. J Orthop Sports Phys
Ther. 2012;42(12):1005-1016.

Beffa R, Mathews R. Does the adjustment cavitate
the targeted joint? An investigation into the location
of cavitation sounds. ] Manipulative Physiol Ther.
2004;27(2):118-122.

Bolton A, Moran R, Standen C. An investigation into
the side of joint cavitation associated with cervical
spine manipulation. International journal of
osteopathic medicine. 2007;10:88-96.

Byfield D, Barber M. Chiropractic manipulative skills.
2nd ed. Edinburgh; New York: Elsevier/ Churchill
Livingstone; 2005.

Cramer GD, Ross JK, Raju PK, et al. Distribution of
cavitations as identified with accelerometry during

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

lumbar spinal manipulation. ] Manipulative Physiol
Ther. 2011;34(9):572-583.

Dunning JR, Cleland JA, Waldrop MA, et al. Upper
cervical and upper thoracic thrust manipulation
versus nonthrust mobilization in patients with
mechanical neck pain: a multicenter randomized
clinical trial. J Orthop Sports Phys Ther. 2012;42(1):
5-18.

Gibbons P, Tehan P. Manipulation of the spine, thorax
and pelvis : an osteopathic perspective. 3rd ed.
Edinburgh ; New York: Churchill Livingstone/
Elsevier; 2010.

Herzog W, Zhang YT, Conway PJ, Kawchuk GN.
Cavitation sounds during spinal manipulative
treatments. ] Manipulative Physiol Ther.
1993;16(8):523-526.

Reggars JW, Pollard HP. Analysis of zygapophyseal
joint cracking during chiropractic manipulation.

] Manipulative Physiol Ther. 1995;18(2):65-71.

Ross JK, Bereznick DE, McGill SM. Determining
cavitation location during lumbar and thoracic spinal
manipulation: is spinal manipulation accurate and
specific? Spine (Phila Pa 1976). 2004;29(13):1452-1457.

Dunning J, Mourad F, Barbero M, et al. Bilateral and
multiple cavitation sounds during upper cervical
thrust manipulation. BMC Musculoskelet Disord.
2013;14:24.

Evans DW, Lucas N. What is ‘manipulation’?
A reappraisal. Man Ther. 2010;15(3):286-291.

Kawchuk G. The physics of spinal manipulation.
Part 1. The myth of F = ma. ] Manipulative Physiol
Ther. 1992;15(3):212-213.

Kawchuk GN, Fryer J, Jaremko JL, et al. Real-time
visualization of joint cavitation. PLoS One.
2015;10(4):€0119470.

Meal GM, Scott RA. Analysis of the joint crack by
simultaneous recording of sound and tension.
] Manipulative Physiol Ther. 1986;9(3):189-195.

Bialosky JE, Bishop MD, Robinson ME, George SZ.
The relationship of the audible pop to hypoalgesia
associated with high-velocity, low-amplitude thrust
manipulation: a secondary analysis of an
experimental study in pain-free participants.

] Manipulative Physiol Ther. 2010;33:117-124.

Cleland JA, Flynn T, Childs JD, Eberhart SL. The
audible pop from thoracic spine thrust manipulation
and its relation to short-term outcomes in patients
with neck pain. Journal of Manual and Manipulative
Therapy. 2007;15:143-154.

Flynn TW, Childs JD, Fritz JM. The audible pop
from high-velocity thrust manipulation and outcome

in individuals with low back pain. ] Manipulative
Physiol Ther. 2006;29(1):40-45.

The International Journal of Sports Physical Therapy | Volume 12, Number 4 | August 2017 | Page 653




34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Flynn TW, Fritz JM, Wainner RS, Whitman JM. The
audible pop is not necessary for successful spinal
high-velocity thrust manipulation in individuals with
low back pain. Arch Phys Med Rehabil. 2003;84:1057-
1060.

Byfield D. Technique skills in chiropractic. Edinburgh:
Churchill Livingstone; 2012.

Childs JD, Fritz JM, Flynn TW, et al. A clinical
prediction rule to identify patients with low back pain
most likely to benefit from spinal manipulation: a
validation study. Ann Intern Med. 2004;141(12):920-928.

Cleland JA, Glynn P, Whitman JM, et al. Short-term
effects of thrust versus nonthrust mobilization/
manipulation directed at the thoracic spine in
patients with neck pain: a randomized clinical trial.
Phys Ther. 2007;87(4):431-440.

Cross KM, Kuenze C, Grindstaff TL, Hertel J.
Thoracic spine thrust manipulation improves pain,
range of motion, and self-reported function in
patients with mechanical neck pain: a systematic
review. | Orthop Sports Phys Ther. 2011;41(9):633-642.

Gonzalez-Iglesias J, Fernandez-de-las-Penas C,
Cleland JA, et al. Inclusion of thoracic spine thrust
manipulation into an electro-therapy/thermal
program for the management of patients with acute
mechanical neck pain: a randomized clinical trial.
Man Ther. 2009;14(3):306-313.

Gonzalez-Iglesias J, Fernandez-de-las-Penas C,
Cleland JA, et al. Thoracic spine manipulation for
the management of patients with neck pain: a
randomized clinical trial. ] Orthop Sports Phys Ther.
2009;39(1):20-27.

Puentedura EJ, Cleland JA, Landers MR, et al.
Development of a clinical prediction rule to identify
patients with neck pain likely to benefit from thrust
joint manipulation to the cervical spine. ] Orthop
Sports Phys Ther. 2012;42(7):577-592.

Ruiz-Saez M, Fernandez-de-las-Penas C, Blanco CR,
et al. Changes in pressure pain sensitivity in latent
myofascial trigger points in the upper trapezius
muscle after a cervical spine manipulation in
pain-free subjects. | Manipulative Physiol Ther.
2007;30(8):578-583.

Kaltenborn FM. Mobilization of the spine. First ed.
Oslo, Norway: Olaf Norlis Bokhandel; 1970.

Maitland GD. Vertebral manipulation. 2nd ed.
London,: Butterworths; 1968.

Reggars JW. The manipulative crack. Frequency
analysis. Australas Chiropr Osteopathy. 1996;5(2):39-44.

Cascioli V, Corr P, Till Ag AG. An investigation into
the production of intra-articular gas bubbles and
increase in joint space in the zygapophyseal joints of
the cervical spine in asymptomatic subjects after

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

spinal manipulation. ] Manipulative Physiol Ther.
2003;26(6):356-364.

Dunning J. SMT-2: Cervicothoracic Dysfunction &
Cervicogenic Headaches: Diagnosis and Management
with High-Velocity Low Amplitude Thrust Manipulation
and Exercise. 3rd ed. Montgomery, AL: Spinal
Manipulation Institute; 2011.

Kawchuk GN, Herzog W. Biomechanical
characterization (fingerprinting) of five novel
methods of cervical spine manipulation.

] Manipulative Physiol Ther. 1993;16(9):573-577.

van Schalkwyk R, Parkin-Smith GF. A clinical trial
investigating the possible effect of the supine
cervical rotatory manipulation and the supine lateral
break manipulation in the treatment of mechanical
neck pain: a pilot study. ] Manipulative Physiol Ther.
2000;23(5):324-331.

Herzog W. The physics of spinal manipulation:
work-energy and impulse-momentum principles.

] Manipulative Physiol Ther. 1993;16(1):51-54.

Unsworth A, Dowson D, Wright V. Cracking joints - a
bioengineering study of cavitation in the
metacarpophalangeal joint. Ann Rheum Dis.
1971,30:348-358.

Brodeur R. The audible release associated with joint
manipulation. | Manipulative Physiol Ther.
1995;18:155-164.

Mierau D, Cassidy J, Bowen V, et al. Manipulation
and mobilization of the third metacarpophalangeal
joint - a quantitative radiographic and range of
motion study. Manual Medicine. 1988;3:135-140.

Roston JB, Haines RW. Cracking in the metacarpo-
phalangeal joint. ] Anat. 1947;81(Pt 2):165-173.

Ngan JM, Chow DH, Holmes AD. The kinematics
and intra- and inter-therapist consistencies of lower
cervical rotational manipulation. Med Eng Phys.
2005;27(5):395-401.

Triano JJ. Studies on the biomechanical effect of a
spinal adjustment. ] Manipulative Physiol Ther.
1992:15(1):71-75.

Shekelle PG. Spinal manipulation. Spine (Phila Pa
1976). 1994;19(7):858-861.

Hartman L. Handbook of osteopathic technique. 3rd ed.
Cheltenham, UK: Nelson Thornes Ltd; 2001.

Norlander S, Nordgren B. Clinical symptoms related
to musculoskeletal neck-shoulder pain and mobility
in the cervico-thoracic spine. Scand ] Rehabil Med.
1998;30(4):243-251.

Kim J, Shin W. How to do random allocation
(randomization). Clin Orthop Surg. 2014;6(1):103-109.

Katz J, Burkard RF, Medwetsky L. Handbook of
clinical audiology. 5th ed. Philadelphia: Lippincott
Williams & Wilkins; 2002.

The International Journal of Sports Physical Therapy | Volume 12, Number 4 | August 2017 | Page 654




