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Abstract

The purpose of this research project was to locate the levelvahta@n in
zygapophysial (Z) joints in the lumbar spine (L1/L2/S1) and the sacroiliac joints
(S1Js) during sidgosture positioning and spinal manipulative therapy (SMT).

Forty healthy subjects were sought to complete this study, in veeiednlcnt
aaccelerometers were placed on the-ILA spinous processes (SPs) and the S1 and S2
sacral tubercles. Two more accelerometers wkreed lateral to the midline, one 3 cm to
the left and the other 3cm to the right rndidtance between the L4 and L5
acceleromadrs. Subjects were randomized into one of the two groups: Group 1, SMT
Group (n=30) or Group 2, Side Posture Positioning Group (n=10). Data from the
accelerometers was collected from both groups.

Two types of reliability studies were performed: one, coingahe results of two
observers (blinded to the results of one another) in identifying vertebral level of
cavitations and the other, comparing presence of a cavitation found by clinician, subjects
and accelerometers.

Artifacts (noise signals other tharawtation) were identified, described and
categorized as$-lexible Spine(or loosesuperficial fascig, HyperMuscular Subjects,
Resisting or Not Relaxed Subjects, Unstable Hand Contact (UHC) and Miscellaneous,
depending on notes taken during data acqarsitassessment, and the unique pattern of

waveform signals.



Vertebral levels of cavitations were identified and results were compared
between:Group 1 vs. Group 2, targeted (L3/L4, L4/L5, and L5/S1) vs-taogeted Z
joints, leftside (upside during sle-posture positioning and SMT) vs. rigsitle.

Fifty-six (56) cavitations were recorded from 40 subjeétsteliability study
comparing the results of two observers (blinded to the results of one another) to identify
cavitations from the accelerometerse c or di ngs showed Afal most
between the two observer&gppa = 0.841, Std E = 0.151). The reliability study
comparing presence of a cavitation fourndederometers recordings of cavitations were
i n Aal most p enmththesubjetsand airgciare Tihe dinician and subjects
were also in fAal most perfect agreement 0.

Subjects randomized into Group 1 cavitated more of@n67% of Group 1
subjects) than those who were just held in -gidsture positioning (30% of Group 2
subjects).Most cavitations were recorded on the left side-ggle 94.63%) and at the
targeted Z joints (73.20%Multiple cavitations were recorded from the same joint.
Double cavitations were recorded in seven joints and, interestingly, four cavitations in
one jont. A maximum of six cavitations were recorded from a subject randomized in
Group 1, with four cavitations at the same joint (Left L3/L4) and two cavitations at

another joint (Left L2/L3).
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1. INTRODUCTION

Therapeutic value of cavitation and gapping is discussed in this chapter along
with the future scope of diagnostic methods. Tésew of literature in each section is

arranged in chronological order.

1.1Review of Literature
Zygapophysial (Z) Joint Gapping

Z joint gapping is explained as separation of the surfaces of a Z joint and has
therapeutic value in the clinical studies. Ja$876) explains that the chiropractic
adjustment is an effective way of restoring motion to hypomobile vertebral and pelvic
segmentsii | f, to a segment held in partial arti
is applied, not sufficient in forc® produce trauma but sufficient to break the fixation,
there will result a definite tendency for the articular surfaces to find the normal
rel ationship i n fOurlrdsearch stuadydvasmartof a lamgertstudy to o .
determine the relationshipetween cavitation and Z joint gapping and its potential
therapeutic benefits as discussed here. If a relationship is found between cavitation and
gapping, then cavitation can be used to locate the specific Z joint gapped.

McFadden and Taylor (1990) pered a study on the effect of axially rotating
the lumbar spine and gapping Z joints. Lumbosacral spineS2)3vere removed, along

with all muscles and tissues, from 12 unfixed cadavers ranging in age from 14 to 75



years. They fixed one end of each gpwhile a weight and pulley system applied
torque/twist to the opposite end. They concluded that lumbar motion segments are too
stiff to undergo pure axial rotation in healthy spines, producing gapping only in the Z
joints of spines showing significant patogy with degenerative changes. Healthy
subjects were sought for our research study as they can be helpful to see if Z joint
gapping takes place when followed by spinal manipulative therapy (SMT).

Cramer et al., (2000; 2002) performed two studies toiftdgimbar sideposture
SMT produces gapping in Z joints. Volunteers were randomized into 4 different groups:
Group 1, (neutral position, followed by sigesture positioning); Group 2 (neutral
position, followed by side posture spinal adjusting on lefe sifollowed by neutral
position); Group 3 (neutral position, followed by side posture spinal adjusting on the left
side, followed by side posture positioning) and Group 4 (neutral position followed by
neutral position). First, a magnetic resonance ima¢ihgl) scan was taken in neutral
position, followed by a second scan either in neutral or side posture position, depending
in which group the patient was randomized. MRI scans were taken of {84 t&gion.
Patients with sidgosture adjusting produced neogapping than the control group or the
sideposture positioning without spinal adjusting group. The left side, in particular
produced the most gapping, as the patients underwent SMT of the left side. Similar
methods were used in our study by first takamgMRI scan in neutral position followed
by sideposture positioning to determine cavitation in Z joints followed by SMT or side

posture positioning.



Cavitation

Unsworth et al.,, (1971) conducted a study of cavitation in the
metacarpophalangeal (MCP)npo. A machine was designed and built to apply loading on
the MCP joint in 17 males. -Xays were taken during the loading before cavitation of the
joint and simultaneously when cavitation was heard, the amount of load applied was
recorded. A crescent shaparea of high contrast was seen in the space between the
articular surfaces on-Xays for patients who produced cavitation and was absent from the
X-rays of patients who did not produce cavitation. They concluded that low pressures
develop in the synovidluid during the separation of joints and caused gas to liberate and
vaporize from the fluid. When these vagitled bubbles move into the higher pressure
areas, instant collapse takes place with a very high energy release called cavitation.
Theory behid cavitation and its effect on the MCP joint is discussed in this study and a
similar theory could be applied to Z joint cavitation and gapping.

Meal and Scott (1986) performed a study to see if cavitation had therapeutic
value, to see when the joint wanto the paraphysiological space (the expanded range of
motion following cavitation) and to understand when the sound is produced in relation to
separation of the joint surfaces. They used a method of simultaneously recording the
sound produced by the jaiwhile measuring the tension across the MCP joint. A cubicle
was used to isolate extraneous sounds from the actual MCP joint sound. An ultraviolet
recorder was used instead of a pen recorder for greater accuracy, wider choice and
broader range of speed.tAnsion transducer was positioned directly on the joint using
adhesive tape. The experiments showed that the cavitation played an important role as an

indicator that the MCP joint had separated and moved into the paraphysiological space.



Joint cavitationwas seen on oscilloscope recordings as a double sound wave, with the
majority of joint surface separation occurring between the two sound waves. Sound
recordings have been used to observe cavitation following gapping in the MCP joint and
can be used to daimine cavitation in Z joints and SliJs.

Brodeur (1995) reviewed the literature on cavitation associated with SMT. While
previous studies had concluded that cavitation occurred during SMT as joints separated
suddenly, the mechanisms behind this separaioma i ned wuncl ear . Brode
him to propose that cavitation occurs by elastic recoil of the synovial capsule. This recoill
in Z joints initiates beneficial neurological reflex actions (decreased pain and muscle
relaxation). Therefore, if cavitatiowas required for the recoil of the synovial capsule
that led to its reflex actions, cavitation would be essential to the therapeutic benefit of
joint manipulation. Consequently, studying cavitation in Z joints and SIJ is important in
understanding the thepeutic value of gapping.

Reggars and Pollard (1995) conducted a study to record cavitation using
microphones in the cervical region. They placed a microphone on the left and right side
of the neck immediately in front of (anterior) the transverse pramfeG2. Interestingly,
in 94% of the subjects, the cavitation was recorded on the same side as head and neck
rotation (i.e., head and neck rotated to the right was associated with cavitation on the
right). They were unable to identify the segmental (veal@devel of cavitation, since
only two microphones were used. Our study could determine if higher percentages of
cavitations occur in the same side in which force is applied during SMT epcstere
positioning. Reggar s aeddurtheroak mieropldobes wereeas e a r ¢

important part of recording cavitation.



Beffa and Mathews (2004) conducted a study to locate cavitation sounds during
AL5 spinous hooko and | ower SIJ SMT. Ei ght
back at respective jints using adhesive tape, and their locations were confirmed by
taking a radiographic image. After SMT Fast Fourier Transformation (FFT) analysis was
done, the maximum amplitude of each microphone was identified to determine the
location of cavitationNo correlation was found to exist between the anatomical location
of cavitation sounds and the respective technique used for SMT. New accelerometry
techniques used in our study could be used for locating level of cavitation to help develop
methods to impree S MT techni ques. Beffa and Mat he
microphone section of this chapter because microphones were important part of their
study.

Ross et al., (2004) used accelerometers to determine if cavitation occurs at the
targeted joints filowing SMT. They used three accelerometers (same as used in our
study) positioned at the twelfth thoracic (T12), third lumbar (L3), and first sacral
segments (S1). While the patient was lying in the-pigure position, they measured
the distance betweethe accelerometers. Since they found that the velocity of vibration
waves from cavitations traveled through the body at 1400m/sec, to get distance
discrimination of 0.5cm the sampling rate was set to 320,000Hz. A grease pencil marked
the targeted area whe a cavitation was supposed to occur. Therefore, the location of
each cavitation was determined from the distances above or below each accelerometer
based on the time of the accelerometerso
(left or right) cauld not be determined, however this study helped us in determining the

sampling rate of data acquisition from accelerometers and deciding additional



accelerometers on the left and right side of the spine to determine on which side the
cavitation occurredOur study will help in finding cavitation at specific lumbar Z joints

or SIJs and also side (left or right) of
accelerometers section of this chapter, because accelerometers were an important part of
this study.

Flynn et al., (2006) conducted a study to determine the relationship between
cavitation associated with spinal manipulation and improvement in pain and functions of
patients suffering from low back pain. For this study, 70 patients were randomlyeassig
to get physical therapy for a total of 5 sessions. Therapists recorded if they heard
cavitations during high velocity thrust manipulation and outcomes were measured on an
11-point rating scale called the Oswestry Disability Questionnaire. They codcthde
cavitation was heard in 84% of the patients and no difference was recorded in pain during
baseline visits or any of the folleup therapies related with the cavitation. Results also
showed that cavitation may not relate to possible outcomes froral spanipulation in
terms of the improvement for patients with low back pain. This study used a specific
technique for manipulation of S1J that is very rarely used by clinicians.

Teodorczykinjeyan et al., (2006) performed a study to examine the effect of
SMT on the in vitro production of proinflammatory cytokines (chemicals involved in
producing inflammation) in relation to the systematic levels of neurotransmitter substance
P. Sixtyfour subjects were sought to complete this study. It was found that&suileo
cavitated after SMT had reduced production of inflammatory cytokines as compared to

the subjects in which no cavitation occurred after SMT. Cavitation has been associated



with positive outcomes and our study can be used to locate level of cavéatlionbar Z
joints and SlJs.

Teodorczykinjeyan et al., (2008) performed a study to determine changes in the
production of the immunoregulatory cytokine interleukin 2-Z)Lfollowed by SMT and
determined changes that might differ with or without cdita Seventysix
asymptomatic subjects were sought to complete the study. It was concluded that in the
presence or absence of cavitation followed by SMT there was increase in the presence of
IL-2 synthesis compared with controls and hence it is impaitasiudy localization of
cavitation.

Crameret al.,(2008) conducted a study to find out if the method proposed in this
study was feasible or not. First, an MRI scan of the subject was taken in the neutral
position to find out if there was any pathologythe subject and also to determine the
accuracy with which high signal markers (filled with mineral oil) could be taped on the
T12, L3 and S1 locations. This was used for accurate placement of the accelerometers as
the high signal markers were easily itked on MRI. The markers also left a slight
indentation on the subjectods backoosturdfter
position with accelerometers placed at the desired location; the distance between each of
the accelerometers was measu@d the subject was given SMT with the left side up.
This system was capable of finding the location of cavitation but not the side of
cavitation, because there were no accelerometers taped on the left and right side of the
spine. Methods used in our syugere similar to the methods discussed above, except the

number of accelerometers used in our study was greater, which determined cavitations at

targeted and nehar get ed ar e a. This study is also



section of this chaptehecause of the importance of using accelerometers in locating

cavitation in Z joints.

Accelerometers:

Nokes et al., (1984) recorded vibration response of bone from a skin mounted
accelerometer; preloading of the accelerometers was done to overcomeamghiegda
effect from the interposed soft tissue. Measurements were taken on left legs of randomly
chosen cadavers ranging in age from768years. Two accelerometers weighingl5g were
used. One accelerometer was positioned on the skin, perpendicular tdaite,swhile
the second was mounted adjacent to the first, directly on the bone by means of a pin that
was screwed to its base and put through the skin of the left leg tibia. An impulse was
applied by a 289 steel ball dropped from a constant height dowrtiea¥ Perspex tube.

They concluded that excessive preload in accelerometers caused distortion of the
recorded signal by a high frequency component. The required preload is proportional to
the soft tissue thickness, but for any given soft tissue thicktiesgange of allowable
preload was fairly wide. Strong adhesive tape was used in our study to apply sufficient
preload on accelerometers and help in keeping accelerometers in firm contact with skin.

Ross et al.,, (2004) performed a study as discussederearsing three
accelerometers to find location of cavitation followed by SMT. Accelerometers were an
important part of the study and helped in locating cavitation some distance away from the
accelerometers.

Crameret al.,(2008) conducted a feasibilityusly using three accelerometers to

find out if the accelerometery methods proposed in our study was feasible or not. This



study was also discussed in the previous section because of its importance in locating

cavitation, but not the side (left or right) cdvitation.

Microphone:

Heffez and Blaustein (1986) used modern sonographic techniques for recording
and interpreting joint sounds from tkemporomandibular jointsTMJ). They discussed
modern sonographic techniques and presented preliminary obsesvatiothe wave
patterns and power spectral analysis of TMJ sounds. They used a digité20DSP
stethoscope and specially designed external auditory canal listening device for the
purpose of auscultation and recording of the TMJ sounds, in a soundproofTTbeyn
found that TMJ sounds are a composite of sinusoidal waves. This method can be used to
find unique pattern of waveform signals of cavitation as compared to noise signals in our
study.

Gay et al., (1987) performed a study to record and analyze souttidcefrom the
left and right TMJs during simple motions for diagnosing disorder of the joint from a
total of 79 patients. Sound was detected from each joint simultaneously using two
separate vibration transducers (small conventional condenser microphidmsgs found
three different categories of TMJ disorders: internal derangement, degenerative disease
and extra capsular disorders depending on acoustic waveform pattern. They also found
that amplitude (or changes in sound amplitude) might have a retatite severity of
the disease. However it was not possible to quantify this parameter because amplitude or
changes in sound amplitude was affected by the impedance of the intervening tissue, the

distance between the transducer and the joint, and thetiaabdi$ of the transducer at



the placement site. But one important thing was shown: that although the amplitude of
the signal is conditioned by transmission line factors, the duration and the shape of the
signal are not. Considering these factors, itl v difficult to estimate gapping
depending on the amplitude of cavitation signals in other study not reported here.

As discussed earlier, Reggars and Pollard (1995) determined the side of cavitation
in the cervical region, but not the vertebral levetavitation by using two microphones.
Reggars and Poll ardés research is include
important part of their study.

Siffert and Kaufman (1996) conducted a study to determine the capabilities and
limitations of auscultaty percussion (the act of striking a body part with short, sharp
blows as an aid in diagnosing the condition of the underlying parts by the sounds
obtained) technique for assessing the healing of bone fractures. A portable vibration
analysis device was useand experiments were conducted to objectively evaluate the
capabilities of auscultatory percussion techniques. Technique was based on observations
of the ability of bone to conduct sound, which required simply tapping a bony
prominence distal to the swsged or known fracture and listening over the opposite end
of that bone. They found that decrease in volume and pitch of vibration energy wave
indicates discontinuity at a fracture site or an established nonunion. They concluded that
vibration assessmens$, however, subject to systematic and random errors, and thus
cannot always discriminate between the stages of healing in a fractured bone. In addition;
various artifacts can lead to significant uncertainty in diagnosis, and more sophisticated
methods cold be used in the future to improve accuracy of vibration techniques, as well

as placement of transducers. Accelerometers were placed on spinous processes (SPs) in
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our study because bone is discussed as a good conductor for transmitting vibration waves
and an accurate placement of transducer on bone is necessary to overcome dampening
effects.

As discussed earlier, Beffa and Mathews (2004) conducted a study to locate the
cavitation sounds using microphones, durin
Microphones were an important part of this study in locating cavitation hence, included

in this section.

Diagnosis

Accelerometers and microphones can be used in future studies to develop new
techniques to deepen the understanding of the mechanics of the spine

Chu et al., (1976) performed a study to analyze the sound emitted by normal and
pathological knee joints during active movements. Two identical microphones were
attached to the knee by means of a holding assembly. One microphone was directed
towards theknee and other was rotated 180 degrees opposite to the first microphone (i.e.,
away from the knee) to hear the surrounding noise and implement the noise cancellation
method. They concluded that the recordings covering normal, rheumatoid, arthritic, and
degenerative knees showed respective waveforms, spectral patterns and statistical
property. Also, auto correrelation appeared to be unique and therefore may well prove to
be a promising neinvasive tool for early detection of the type and extent of knex joi
damage. This noise cancellation method can be used in future studies to eliminate
unwanted surrounding noise by using a differential amplifier for microphones and

develop new methods in detecting degenerative disease in spine.

11



Gallo et al.,(1993) atterpted to record the sounds emitted by healthy TMJs with
and without mandibular movements for determination of baseline spectra. TMJ sounds
were recorded bilaterally from 40 subjects with healthy joints by means of a self
developed recording system using ratare capacitor microphones inserted into the
earpieces of a medical sthethoscope. The recordings were performed with no mandibular
movements and during three consecutive opening and closing movements. Acoustic
recordings conducted for patients withoutnaidular movements were below 800Hz and
were significantly less than frequencies with mandibular movements. The baseline
frequency spectrum could be developed in future studies to differentiate healthy subjects
and subjects with different pathologies.

Widmalm et al., (1992) attempted to better understand the cause of different
sounds from the TMJ joint in 27 fresh autopsy specimens. They displayed the time
frequency distribution of sound as a three dimensional graph and correlated the sound
character to mghologic observations at subsequent dissection. It was also shown that all
joints with sounds had different degrees of wdracular changes and the reciprocal
clicking occurred both in joints with disc displacement with and without reduction, as
well asin joints with arthrotic changes. Crepitation occurred only in joints with arthrosis
and perforation. A higfirequency sound appeared to be associated with arthrosis of the
articular surfaces. It was concluded that joint sounds indicate abnormalityheébut
absence of joint sound does not exclude intraarticular pathology. New methods can be
developed in the future to record the sound of crepitus in the spine, which can help in

early detection of degenerative disease usingimaasive tools.
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Reddy et al.,(2001) developed the accelerometry technique to characterize
various types of arthritis and spondyloarthropathy in knee joint. An-miingature
accelerometer was placed on the patella, and the subject was asked to rhythmically rotate
the knee from 90 dpee flexion to full extension. They concluded that mean power of
acceleration signal in the range of 1800 Hz is significantly different for
spondyloarthropathy patients when compared to rheumatoid arthritis patients.
Degenerative disease in the spirmeild be detected and diagnosed using new methods
depending on the unique waveform patterns.

Brown (1997) used a clinical heart sounds stethoscope and an electronic
stethoscope to identify difference in sound frequency of muscles between healthy patients
ard patients wi t h untreated Par kinsonos
spectrographically on a computer. Measurement of muscle discharge was 1h&de 6
hours after withdrawal of antiparkinsonian medication and agaih Hburs after
treatment was restad on the same day. Microphone signals from the forearm of
untreated parkinsonian patients maximally extending the wrist showed discrete bursts of
sound at a frequency of about 10 Hz, while increase in frequency was seen for healthy
patients at around 40z4

Jaskolska and Madeleine (2007) conducted a study to compare mechanomyogram
(MMG) recording using a condenser microphone (MIC) and an accelerometer (ACC),
during submaximal isometric, concentric and eccentric contractions in 14 males. The
reason for usig ACC and MIC together was for the reason that each of the devices
respond differently and can be used together in diagnosis in the future. The maximal

voluntary force (MVC) of the biceps brachii was measured, and they concluded that
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during isometric, cotentric and eccentric contractions of increased intensity, the results
found from accelerometer, microphone, and MMG signals were different despite of the

similar trends.

1.2 Main Objective:

The main objective of this research project is to locate thed thzygapophysial

(2) joints in the lumbar spine (L1/LR5/S1) and the sacroiliac joints (SIJs) that cavitate

during sideposture positioning and spinal manipulative therapy (SMT).
The specific goals that will contribute to achieve the objective are:

1. To refine previously designed accelerometry techniques used to evaluate cavitations
following SMT.

2. To conduct recordings in a clinical investigation using the refined accelerometry
methods.

3. To report the results of accelerometry recordings during $&fdup 1) and side
posture positioning alone (Group 2) and make comparisons of cavitations
between: Group 1 vs. Group 2; left side -@ige during SMT) vs. right side
(downside during SMT; and Atargeto Z joints (L3/
Andrr gjeintd(L1/L2, L2/L3, and SIJs).

4. To assess the accelerometry methods used in the clinical study to determine the
strengths and challenges (weaknesses) of the methods.

5. To propose ideas to further refine the accelerometry methods and to add scoustic

methods for future studies.
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Each specific goal is discussed in the future chapters to achieve main objective of this

research project.
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2. ANATOMY AND PHYSIOLOGY OF LUMBAR SPINE

This chapter describes the basitatomy of the spine. A basic knowledge of
spinal anatomy is needed to understand the research described in future chapters. The
spine is a very important part of the body, as it helps to give the body its structure and
support. The spine is also designedptotect the spinal cord and the nerves that carry

information from the body to the brain and from the brain to the body.

2.1 Spinal Column

The adult spine is composed of the vertebral column and the muscles, ligaments
and other connective tissues thaaeh to the vertebral column. The vertebral column is
made up of 24 small bones called vertebrae that are stacked on each other (Figure 2.1)
(Taiwanspinecenter, no date). In addition, the sacrum and the coccyx (found below the
sacrum) are part of the veltral column (Cramer and Darby, 2005).

The spine is made up of 5 regions (Rodts, 2008):

. Cervical / (C2C7)

o Thoracic / (T2 T12)

. Lumbar / (LEL5)

o Sacrum

. Coccyx
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The cervical region is the upper part of the spine and is made up of seven
vertebrae. The thacic region is the middle portion of the spine and is made of 12
vertebrae. The lumbar region is the lower portion of the spine and is made of 5 vertebrae,
but some people can have 6 lumbar vertebrae. These 3 areas are the main regions of the
spine. The saal region (sacrum) is situated below the lumbar spine and is also made of
specialized vertebrae that help to connect the vertebral column with the pelvis. The

coccyx is the lowest part of spinal column and is made of approximately 4 fused,

undevelopedvet ebr ae (Cramer and Darby, 2005). Th
when seen from side. This 06S6 shape curve
stresses.
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Figure 2.1: Three views of the vertebral column showing:
A) Anterior view
B) Lateralview

C) Posterior view showing cervical, thoracic, lumbar, sacral, and coccyx regions

Between each vertebra there is a-lded cushion called the intervertebral disc

(Figure 2.3) (University of Maryland Spine Center, 2007). The intervertebral dises all
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motion to occur between vertebral segments and absorb various forces placed on the

vertebrae.

2.2 Vertebrae

The individual bones of the spine are called the vertebrae (Cramer and Darby,
2005). These are the building blocks of the vertebral columnerfebra supports and
protects the spinal cord and also bears the majority of the weight added on the spine. A
vertebra is made up of the following parts: (Figure 2.2) (University of Maryland Spine
Center, 2007). Thbody of each vertebra is the large frqmdrtion of the vertebra. The
body is attached to a bony ring (posterior arch).The vertebral foramen is a hole found
between the body and the posterior arch of each vertebra. When vertebrae are stacked on
each other, the vertebral foramina creates a Wwollde through which the spinal cord
passes. The posterior arch consists of several parts. The left and right pedicles and
laminae (Figure 2.2) extend from the body to cover the vertebral foramen on each side
and behind thespinous process (SP)s the bonyportion opposite the body of the
vertebra. One can feel the SPs as projections in the midline of the back. Several large
processes extend from the junction of the pedicles and laminae. Two (left and right)
transverse processeproject to each side. FinglJlsuperior articular process (top side)
andinferior articular process (bottom side) project from the junction of the pedicle and
lamina on the left and right side. The articular processes help to form the zygapophysial

(2) joints.
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Figure 2.2: Partsfdumbar vertebrae

2.3 Zygapophysial (Z) Joints

Zygapophysial joints are also called as facet joints. The facets are the smooth
articulating surfaces of the superior and inferior articular processes. The facets of
adjacent superior and inferior articulaocesses meet to form the zygapophysial joints
(Figure 2.3) (University of Maryland Spine Center, 2007). The left and right Z joints
(along with the intervertebral disc) join to adjacent vertebrae together. Without the Z
joints, there would not be motion the vertebral column.

The Z joints are a type of synovial joint. The synovial joints, such as those found
in the knees or elbows, are joints that allows movement between two bones. In a synovial
joint, the ends of the bones are covered with a mataikdd articular cartilage. This is a
spongy material that allows the bones to glide against each other without much friction.

Synovial fluid is found in the synovial joints and is important for reducing friction.
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Intervertebral Disc

Figure 2.3: Lumbar zygapophysial jbin

In addition, the Z joints help to carry loads placed on the spine, particularly during

extension and rotation.

Lateral (Side) View:
Working Facet Joints

Figure 2.4: Showing motion in Z joints during flexion and

extension
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Two vertebrae, and the tissues that connect them, comprise the smaitlesy
unit of the spine. This unit is referred t
(Figure 2.4) (All About Back and Neck Pain , 2009) allows for noffte&lon, extension,

lateral bending (lateral flexion), and rotation to occur betweeacad} vertebrae
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3. ACCELEROMETERS AND MICROPHONES

Accelerometers are an important part of the research described in the following
chapters. Microphones are being considered for future studies. Both are described in this

chapter.

3.1 Accelerometers

An accelerometer is an electromechanical device that measures acceleration
forces (Bruel & Kjaer, 2010). These forces may be static, like the constant force of
gravity pulling at your feet, or they could be dynamic, caused byngar vibrating the

accelerometer.

3.2 Types of Accelerometers

1. Piezoelectric accelerometers
2. Piezoresistive accelerometers
3. Capacitive accelerometers
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3.2.1 Piezoelectric Accelerometers

Piezoelectricityis the ability of some materials (notably crystalsd certain
ceramics) to generate an electric field or electric potential in response to an applied
mechanicaktrain (ratio of change in volume to original volum@autschi, 2002)The
effectis closely related to a change of polarization density within the material's volume.
If the material is noshortcircuited the applied stress/strain inducegottageacross the
material (Figure 3.1) (Wikipedia, no date). However, if dreuit is closed, the energy
will be quickly released. So, in order to run an electric load (such as a light bulb) on a
piezoelectric device, the applied mechanical stress must oscillate back and forth. The root
Api ezoo i s d@&eekpiesdr piézeippwhicht nileans to squeeze or press
(Avallone and Baumeister, 1996). The piezoelectric effect is reversible. Materials
exhibiting thedirect piezoelectric effedithe poduction of an electric potential when
stress is applied) also exhibit theverse piezoelectric effe(the production of stress

and/orstrainwhen an electric field is applied).

Figure 3.1: A piezoelectric disk generates voltage when

deformed
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A piezoelectricaccelerometer(such as those used in this study) utilizes the
piezoelectric effectof certain materials to measure dynamic changes in mechanical
variables (E.g. acceleration, vibration, and mechanical shock).

Piezoelectric amzlerometers convert one form of energy into another and provide
an electrical signal in response to a quantity, property, or condition that is being measured
(Figure 3.2) (Wikipedia, no date). In this instance, acceleration acts upon a seismic mass
that i restrained by a spring or suspended on a cantilever beam, and converts a physical
force into an electrical signal (Dimension Engineering, no date). Before the acceleration
can be converted into an electrical quantity, it must first be converted inév aftbrce
or displacement

Piezoelectric accelerometers rely on piezoceramics lgad. zirconate, titanate
etc) or single crystals (e.guartz tourmaline etc). They are unmatched in terms of their
upper frequency range, low packaged weight and high temperature range. They are
frequently used in aerospace, ballistics, engine testing and other applications (Aszkler

2005).

Spring Spring

ﬁuﬁg@\ /‘EB‘

Mass

BOmeB A -

A) Before acceleration. B) After acceleration.
Figure 3.2: Piezoelectric accelerometer showing no voltage when acceleration is not

applied and voltage generated with acceleration
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3.2.2 Piezoresistivé\ccelerometers

The piezoresistive effealescribes the changirgectrical resistancef a material
under appliedmechanical stres§Avallone and Baumeister, 1996). In contrast to the
piezoelectric effect, the piezoresistive effect only causes a change in resistance and does
not produce an electric potential.

The sensitivity of pezoresistive devices is characterized by taeige factor
(Avallone and Baumeister, 1996):

K = (dR/R) /e
Where dR is the change in resistance due to deformation, R is the undeformed resistance
and€L is the strain

Piezoresistive accelerometers may be fabricated from metal strain gauges,
piezoresistive silicon, or as a MEMS (Micro Electro Mechanical Systems) device. In such
designs, a resistive material is typically bonded to a cantilever beam that bends under the
influence of acceleration. This bending causes deformation of the resistor, leading to a
change in its resistance (Figure 3.3) (PCB Piezotronics, 2009). The resistors are normally
configured into a Wheatstone bridge circuit which provides a change in outpageol
proportional to acceleration. Piezoresistive accelerometers are capable of measuring
constant, transient, and periodic acceleration. Piezoresistive accelerometers are preferred

in high shock applications.
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Figure 3.3: Piezoresistive accelerometer

3.2.3 Capacitive Accelerometers

Capacitiveaccelerometers utilize the properties of an opposed plate capacitor for
which the distance between the plates vary proportionally to applied acceleration, thus
altering capacitance (Figure 3.4) (PCB Piezotroni€€)92 This variable is used in a
circuit to deliver a voltage signal that is proportional to acceleration. Capacitive
accelerometers are capable of measuring constant as well as slow transient and periodic
acceleration. These accelerometers are suitednfasuring low frequency vibration,

motion, and steadgtate acceleration.

ACCELERATION
Fixed Plates

Mn;}eable Plate

Figure 3.4: Capacitive accelerometer
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Capacitive accelerometers typically use a silicon mmechined sensing
element. Their performance is superior in the low frequency ramgktrey can be

operated irservomode to achieve high stability and linearity.

3.3 Applications

3.3.1 Medical Applications

Within the last several yeadjke, Polarand other companies have produced and
marketed sports watches for runners that incfodée podsthat contain different kinds of

accelerometers that determine the speed and distance for the runner wearing the unit.

3.3.2 Transport

One of the most common uses MEMS accelerometers is iairbagdeployment
systems for modern automobiles. In this case, the exceeéters are used to detect the
rapid negative acceleration of the vehicle to determine when a collision has occurred and
the severity of the collision (Bruel & Kjaer, 2010). Piezoresistive accelerometers are also
commonly used in detecting crashes. Aeotbommon automotive use is @bectronic
stability controlsystems, which uses a lateral accelerometer to measure cornering forces.
The widespreadise of accelerometers in the automotive industryphetied their cost
down dramatically.Another automotive application is the monitoringnaiise, vibration
and harshnes@NVH), conditions that cause discomfort for drivers andspagers and

may also be indicators of mechanical faults.
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3.3.3 Consumer Electronics

Accelerometers are increasingly being incorporated into personal electronic

devices such as smart phones, audio players, video game consoles, camcorders etc.

Motion Input

Somesmart phonesdigital audio playersand personal digital assistant®ntain
accelerometers for user interface control; often the MEMS accelerometer is used to
presenfandscape or portrait views the device's screen, based on the way the device is

being held.

Nintendo'sWii video game console uses a controller calléed/iaRemotethat
contains a threaxis MEMS accelerometer (Analog Devices, 2010) and was designed
primarily for motion input. Users also have the option of buying an additional motion
sensitive attachmentie Nunchuk so that motion input could be recorded from both of

the user's hands independently.

The Nokia 5500spot features a 3D accelerometer that can be accessed from
software. It is used for step recognition (counting) in a sport application, and for tap
gesture recognition in the user interface. Tap gestures can be used for controlling the
music player and the spt application, for example to change to next song by tapping

through clothing when the device is in a pocket (Nokia, 2010).
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Orientation Sensing

A number of modern notebook computers use 3 axis MEMS accelerometers to
automatically align the screen depirgdon the direction the device is held, i.e. switching
between portrait and landscape modes. For example, Apple usddS3aA2DL
accelerometer in thi@hone iPod Touchand the 4th&5th generatioRod Nanaallowing

the cevice to know when it is tilted on its side (Stmicroelectronics, 2010).

Image Stabilization

Camcorders use accelerometers for image stabilization. Still cameras use
accelerometers for arilur capturing. The camera holds off snapping the CCD "shutter"
when the camera is moving. When the camera is still (if only for a millisecond, as could

be the case for vibration), the CCD is "snapped".

3.4 Microphones

A microphone(mic) is an acoustito-electric transduceior sensorthat converts
sound into an electrical signal(PCB Piezotronics, 2009). In 187&mile Berliner
invented the first microphone used as a telephone voice transmitter.

The sensitiverainsducer element of a microphone is calleceteeenbr capsule.
A complete microphone also includes a housing, which brings the signal from the

element to other equipment.
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3.5 Types of Microphones

1. Condenser Microphones
2. Dynamic Microphones
3. Piezoeledic Microphones

4. Fiber Optic Microphones

3.5.1 Condenser Microphones

Condenser microphones also called acapacitor microphoner electrostatic
microphone. A apacitor isan electronic component which stores energy in the form of
an electrostatic field.

A capacitor has two plates with a voltage between them. In the condenser
microphone, one of these plates is made of very light material and acts as the diaphragm
(Figure 3.5) (Media College, no date). The diaphragm vibrates when struck by sound
waves; chaging the distance between the two plates and therefore changing the
capacitance (Sessler and West, )98%hen the plates are closer together, capacitance
increases and a charge current occurs. When the plates are further apart, capacitance
decreases and discharge current occurs. Nearly all egtlone, computer, PDA and

headset microphones are condenser microphones.
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Figure 3.5: Cross section of condenser microphone

3.5.2 Dynamic Microphones

Dynamic microphones are versatile and ideal for general uShgg.use a simple
design with few moving parts. They are relatively sturdy and resilient to rough handling.
They are also better suited for handling high volume levels, such as those from certain
musical instruments or amplifiers. They have no interngblifier and do not require
batteries or external power.

When a magnet is moved near a coil of wire, an electrical current is generated in
the wire. Using this electromagnet principle, the dynamic microphone uses a wire coil
and magnet to create the audignal (Figure 3.6) (PCB Piezotronics, 2009). The
diaphragm is attached to the coil. When the diaphragm vibrates in response to incoming
sound waves, the coil moves backwards and forwards past the magnet. This creates a

current in the coil which is channdlé&om the microphone by wires.
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Figure 3.6: Cross section of Dynamic Microphone

3.5.3 Piezoelectric Microphones

Piezoelectric microphones work on the principle of the piezoelectric effect as
described earlier in piezoelectric accelerometers (Sectionl)3.Piezoelectric
microphonesuse ceramic or quartz crystals (or other piezoelectric materials) linked to a
diaphragm or directly exposed to acoustic waves (Figure 3.7) (PCB Piezotronics, 2009).
Stresses in the crystals, resulting from a sound field,rgenan output proportional to
the acoustic pressure. Many designs incorporate aibyleamplifier next to the crystal.
This arrangement reduces the electrical noise and output impedance. Piezoelectric
microphones are commonly used in medical and aeowstic applications because of

their high sensitivity (Horowitzt al., 2008.
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Figure 3.7: Cross section of Piezoelectric Microphone
Where:
AP: Acoustic pressure.
U,: Output voltage.
1) Diaphragm.
2) Piezoelectric material.
3) Built in preamplifier.

4) Case.

3.5.4 Fiber Optic Microphones

A fiber optic microphone converts acoustic waves into electrical signals by
responding to changes in light intensity, rather than changes in capacitance or magnetic
field (Paritskyand Kots, 1997).

Fiber optic micropones use light from a laser source travelling through an optical
fiber to illuminate the surface of a tiny, sousensitive reflective diaphragm. Sound
causes the diaphragm to vibrate, thereby minutely changing the intensity of the light it
reflects. Themodulated light is then transmitted over a second optical fiber to a photo
detector which transforms the intensihpodulated light into analog or digital audio for

transmission or recording.
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Fiber optic microphones do not react with any electrical, magredectrostatic or
radioactive fields. The fiber optic microphone design, therefore, is ideal for use in areas
where conventional microphones are ineffective or dangerous, such asimasigtial

turbinesor in magnetic resonance imagi{igRI) equipment environments.

3.6 Applications of Microphones in Research and Industry

3.6.1 Research and Product Design

Since excessive sound pressure can cause damage to products or human hearing,
microphones are used to measure the pressure level exerted on a surface. Sound
measurement igsed in a variety of applications including the study of door slams, clutch
engagements, starter impact and sunroof noise. Engine noise in a cabin or car interior and
sound exhibited from consumer appliances is tested and analyzed to extend the lifespan

of the product and minimize external noise (Bruel & Kjaer, 2010).

Increased sound levels or changes in frequency can indicate that a product is not
working to its capacity. Motors, gears, bearings, blades, and other industrial components
can all experiencehanges in decibel level or frequency shift when not working properly.
High precision microphones can be utilized to confirm that a product is experiencing a

problem, or can be used to predict failure of a component (PCB Piezotronics, 2009).
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3.6.2 Complance

Microphone tests can be performed and recorded for verification of pressure
levels on products, and can be utilized in legal situations. Companies can use high
precision microphone tests for proof of sound pressure levels during design. Microphones
are used on sound level meters to ensure compliance with national standards for shop

noise (Extech Instruments, 2010).

3.6.3 Environmental Noise Analysis

There are certain sound pressure levels that the human ear can only be subjected
to for specific amoustof time before ear damage occurs, such as industrial shop, airport,
and automotive highway noise. Acoustic testing is performed to better understand the
sound levels that are experienced in these surroundings and make adjustments to provide

greater persuwal protection (Extech Instruments, 2010).

36



4. INSTRUMENTATION AND METHODOLOGY

This chapter describes the instrumentation for accelerometry equipment used in
this study and our methodology. The methods begin with a description of thesgro
used to refine previous methods, followed by descriptions of the clinical study for Group

1 and Group 2.

4.1 Instrumentation

Nine accelerometers (Bruel & Kjaer Delta Tron4507, Naerum, Denmark) (Figure
4.11) were used to pick up vibration data credtgdcavitations during sidposture
positioning and SMTDirection of accelerationHgure A.1, Appendix section A.1) was
also considered for all the accelerometers during clinical stlidgse piezoelectric
accelerometers were used because cavitationslated them at their natural frequency
of 21 KHz Three signal conditioning amplifiers (Bruel & Kjaer 2693, Naerum,
Denmark) (Figure A.2, Appendix section A.2) (Bruel & Kjaer, 2010) were used to
amplify the signal from accelerometers. Each amplifier easable of handling data
from 4 different channels/accelerometers (Figure 4.1). The analog signal was converted
into digital information at a maximum rate of 10MHz (10 million samples per second) by
two NI PXle 6356 (National Instruments, Austin, Texas AY$Figure A.3, Appendix

section A.3) (National Instruments, 2010) data acquisition (DAQ) devices. The velocity
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of vibration waves from cavitations travelling through the body is at 1400m/sec (Ross et
al.,, 2004). To get distance discrimination of 0.5cm #aenpling rate was set to
320,000Hz. Given that Z joints between adjacent vertebrae and on the left to right sides
are separated by a distance of 3 to 4.5 cm, there was no reason to sample at a rate any
greater than this, even though the equipment hagdotential to do so. Since the study
required nine analog channels, we used two data acquisition devices, each capable of
handling data from eight simultaneous channels. Each device was capable of handling a
maximum sampling rate of 1.25 MS/s/channellljon samples per second per channel).
These devices included multithreadedDAQmx (National Instruments, Austin, Texas)

driver software, which was compatible with the following versions (or later) of NI
application softwar e: L al .Y, lolEMas@em2nt Studia b Wi r
7.X; LabVIEW Signal Express 1.x; and LabVIEW with the LabVIEW REate Module

8.2.

LabVIEW 9.0 was used in this study to write different programs for data
acquisition and storage and data analysis.

Two NI BNC 2090 connector btks (Figure A.4, Appendix section A.4)
(National Instruments, 2010) were used to connect data from the amplifier to DAQ
devices (Figure 4.1). A NI PXle 1073 (Figure A.5, Appendix section A.5) (National
Instruments, 2010) chassis was used to house bdirspgged DAQ devices. This chassis
was capable of accepting PXI Express modules in two slots and supporting standard PXI

hybrid-compatible modules in up to three slots. This chassis was also used to supply
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power for the system. A NI PXdExpress Card 8360(gure A.6, Appendix section A.6)
(National Instruments, 2010) was used to connect to a Dell Precision M6400 laptop via
an Express Card MXI cable connected to slot 1 of the chassis. All equipments were
placed on a portable cart (Figure 4.2). This configomnaprovided the portability to re
locate the entire system and the flexibility to unplug the components. This way, for
example, the computer could be used in a different location for data analysis, etc.

The system was powered up and powered off in th@ifimg sequential manner:
Powering up

1. Amplifiers

2. PXle chassis

3. Laptop

Powering off
1. Laptop
2. PXle chassis

3. Amplifiers
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Figure 4.1: Block diagram of the system

Where:

Connector Block 1, 2: NI BNC 2090

DAQ 1, 2: NI PXle 6356

Chassis: NI PXle 1073

Express Cat: NI PXle- Express Card 8360

40




Figure 4.2: Instrument located on a portable cart/trolley
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4.2 Refining Previously Designed Accelerometry Techniques Used to Evaluate

Cavitations Following SidePosture Positioning and SMT

4.2.1 Previously Desigad Accelerometry Methods
Accelerometers were previously used to identify cavitations originating from the
left and right L3/L4, L4/L5, and L5/S1 Z joints during sidesture positioning and SMT.
The original plan for the current study was to tape sewea | er omet er s t o th
skin. Three accelerometers would be placed over the spinous processes (SPs) of the third
(L3), fourth (L4), and fifth (L5) lumbar segments (Figure 4.3). Another would be placed
3 cm to the left and another 3 cm to the right-aigtance between the SP L3 and SP L4
midline accelerometers. Finally, one more would be placed 3 cm to the left and another 3
cm to the right mietistance between the SP L4 and SP L5 midline accelerometers

(Figure 4.3).
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Figure 4.3: Position of acaometers as per the original

(previous) design
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4.2.2 ReDesign of the Accelerometry Methods

Several problems were identified during initial testing. Differentiating cavitations
originating in segments immediately above the SP L3 accelerometers cav@ations
below the SP L5 accelerometer from L3/L4 or L5/S1 cavitations was very difficult. A
specific configuration of nine accelerometers resolved these challenges. Seven
accelerometers were placed over telb@&thes pi nal
SPs of the first (L1), second (L2), third (L3), fourth (L4), fifth (L5) lumbar segments, and
the S1 and S2 (sacral tubercles) (Figure 4.4). Another was placed 3 cm to the left and
another 3 cm to the right migdistance between the SP L4 and SPB inidline
accelerometers. This configuration was designed to identify the specific Z joints from
which cavitations originated by identifying the order in which the recordings of

individual accelerometers deviated from the baseline.
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Figure4.4: Position odiccelerometers in the-gesigned

method
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4.3 Testing the System

4.3.1 ReDesigned Method

Accelerometers were taped on top of a table in the same configuration as if they
were to be taped on the spine at SPs L1, L2, L3, L4, L5, S1 and S2. Tbeleeameters
were separated by 3cm. Two accelerometers were also placed lateral to the midline
accelerometerspne 3 cm to the left and one 3 cm to the right of the-arsthnce
between the SPs L4 and L5 midline accelerometers (Figure 4.5).

A target area &s marked and a steel ball was dropped in between accelerometers
at SPs L4, L5, and Left L4AL5 and the data was collected and analyzed. In this
experiment, the accelerometer at SP L4 or SP L5 would respond first, then Left L4L5,
Right L4L5 and then accelareters sitting above and below SPs L4 and L5 (i.e., SP L3
and S1) would respond. The order of the response would be based upon how the vibration
wave reached the individual accelerometers. The experiment was repeated several times

at different locations.
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Figure 4.5: Accelerometers taped on the table according to-the re
designed system. Each accelerometer was separated by a

distance of 3cm
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Figure 4.6: The complete time scale of the collected data during dropping of the ball
at the Left LAL5 leation for redesigned system. The legend above the graph

shows the different colors assigned to each accelerometer
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Figure 4.7: The timeline and amplitude-éXis and Yaxis) of Figure 4.6 have been
expandedzoomed induring the time period @.101734to 3.10224 sec)
showing the sequence in which each of the accelerometer responded for

redesigned system

Accelerometers responded in the following order: Left L4L5, SP L4, SP L5, Right
L4L5, SP L3, SP L2, S1, SP L1 and S2 (Figure 4.7). As Figure 4.7ssliosvexperiment
successfully determined that the ball was dropped in between Left L4L5, SP L4, and SP

L5 accelerometers. The experiments reported at other locations were equally successful.
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4.3.2 Comparison with Previously (Originally) Designed Métod

Accelerometers were taped on top of a table in the same configuration as if they
were to be taped on the spine at SPs L3, L4, and L5 (Figure 4.8adc0slerometer was
taped 3 cm to the left and another 3 cm to the rightdigthnce between the SP h&d
SP L4 midline accelerometers. Finally, one more accelerometer was taped 3 cm to the left
and another 3 cm to the right raiistance between the SP L4 and SP L5 midline
accelerometers (Figure 4.8).

A target area was marked and a steel ball was drapdaetween accelerometers
at SPs L4, L5, and Left L4AL5 and the data was collected and analyzed. According to the
hypotheses, if cavitation occurred, or a ball was dropped as in our example, in the
designated area then the accelerometer at SP L4 or SRoukl gespond first (or both
would respond approximately at the same time), followed by the Left L4L5 and then
other accelerometers. Figures-4.80 show the methods and results of this experiment.
Several trials at different locations were also performed

Y axis for all the collected cavitation dathowsthe change of voltage generated

in the piezoelectric accelerometers used.
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Figure 4.8: Accelerometers taped on the table according to the previously designed

method. SPs L3, L4 and L5 accelerometerseveeparated by a distance of 3cm
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Figure 4.10: The timeline and amplitude-@Xis and ¥axis) of Figure 4.9 have
been expande@oomedn during the time period &.784192 to 2.78455
sec) showing the sequence in which each of the accelerometer responded

for previous (original) design

Accelerometers responded in the following order: SP L5, SP L4, Left L4L5 and
Left L3L4 (both at same time), SP L3, and then Right L4L5 and Right L3L4 (both at
same time) (Figure 4.10). It was difficult to determine where the ksl dvopped based
on the graph. The graphs of other trials were equally difficult to interpret.

Consequently, the new-designed nine accelerometers method was used in the
clinical study. The new method also allowed identification of cavitations at tdrgete
(L3/L4, L4/L5, L5/S1) and nottargeted Z joints. The targeted Z joints were used in
another clinical study (not reported here) in which MRI scans were taken of L3/L4,

L4/L5 and L5/S1 Z joints. Therefore, being able to identify cavitations from targeted a
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nontargeted Z and S1J joints was important. The new design was capable of detecting
cavitations at Left L1/L2, Right L1/L2, Left L2/L3, Right L2/L3, Left L3/L4, Right
L3/L4, Left L4/L5, Right L4/L5, Left L5/S1, Right L5/S1, Left Sl joint and Right Si

joints.
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4.4 Clinical Study

The new methods were used in the clinical study. A total 40 subjects were
included in the IRB approved study and randomized into one of the two groups. These
groups were:

Group 1, SMT Group (total of 30 subjs were randomized into this group) who
received SMT; and

Group 2, Control Group (total of 10 subjects were randomized into this group)
who were just heldinsigeost ure position but didnot
from accelerometers with subjedn Group 2, because it was assumed and found that
some Z joints cavitate when subjects are held in thepmdture position.

Specific programs written using LabVIEW were used for collecting and analyzing
data. Frank Balester from NUHS wrote these paogg with the aid of technical support
from National Instruments. Writing separate programs added flexibility to the process of
collecting and storing data into the computer RAM in the approximate format and
analyze it at anytime.

The procedures used in tbknical trial were as follows:

1. After initial screening (phone screening), consenting subjects were
scheduled for examination. Examination was performed against the inclusion and
exclusion criteria for this research project. Eligible subjects were satetul an MRI
appointment.

2. Location of SP L4 was marked using grease pencil before the first MRI

scan and high signal mar ker was taped to
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clinician, while the subject was lying on their stomach. Targeted af the MRI scan
was L3/L4, L4/L5 and L5/S1 area.

3. The subject was asked to lay on his or her back and first MRI scan was
taken in neutral position. During the first MRI scan, location of SP L4 was identified by
the high signal marker (distinct bright idn appearance) on MRI. This procedure was
used to verify the SP L4. The SP L4 was used as the primary landmark from which all of
the accelerometers were placed at their designated locations.

4. A radiologist checked first MRI scan of the subject for any @atiy
(required for other study not discussed here) against the inclusion, exclusion criteria.
Accelerometry and second MRI scan was proceeded only for eligible subjects and those
who were ineligible were excluded from the study.

5. After the first MRI scanthe eligible subject was pulled out of the MRI
unit (subject remained on the MRI gantry table) and asked to lay on his/her stomach
again. A trained research assistant (tenth trimester chiropractic intern) then used a grease
pencil to mark the remaining lels of the SPs, SIJs and the left and right locations-(mid
distance between SPs L4 and L5) where accelerometers were to be placed.

6. The Auburn University Graduate Student Preetam Bora (PB), who was
running the accelerometry equipment, helped the reseasdtaad tape accelerometers
to the subjectds back starting with the |
fourth (L4), fifth (L5) SPs of the lumbar segments, and S1 and S2 (sacral tubercles).
Another was placed 3 cm to the left and lastly heaobne 3 cm to the right muistance
between the SPs L4 and L5 midline accelerometers (Figuregi4.3)L

7. Each accelerometer was specifically identified (i.e., the same
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accelerometer was always used for the SP L1, the left accelerometer betweera8&s L4
L5, etc.). For this, each accelerometer was specified with a unigue number to make sure it

was placed correctly at the desired location (Figure 4.11).

Figure 4.11: Unigue number of the accelerometer marked and the same
accelerometer placed in itsb¢notice corresponding label) for error

resistant methodology

Hooks were placed behind the cart to roll wires for each accelerometer and
labeled according to their number (Figure 4.12). This reduced the amount of time
required to tape the accelerometer® t he subjectds back and
mistake. The same number was marked on the box of each accelerometer, ensuring the
correct accelerometer was wused for each |

labeling also ensured the accelercengtwere placed back in the correct box after data
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collection (Figure 4.11, 4. 13) . The same n

and output ports (Figure 4.14).

Figure 4.12: Hooks with respective accelerometer number marked on
each, with progprly rolled up wires attaching to corresponding

accelerometers
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